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I: Abstract  

Zinc oxide nanoparticles (ZnONPs) are used in several industries including the 

cosmetics, textiles, and therapeutics. Wild-type Caenorhabditis elegans (N2) is commonly 

used as an ecotoxicological model, and as an in vivo model to understand the toxicity of 

xenobiotics in humans. Cytochrome P540 (CYP) isozymes are responsible for drug metabolism 

in humans, and its inhibition may lead to adverse drug reactions due to the decreased 

metabolism and subsequent delayed clearance of co-administered drugs. However, the size-

dependent toxicological potential of ZnO particles towards N2 and inhibitory potential towards 

CYP isozymes are not well known. Firstly, this project aimed to investigate the size-dependent 

toxicological potential of ZnONP50 (zinc oxide nanoparticles <50 nm), ZnONP100 (zinc oxide 

nanoparticles <100 nm), and ZnOBP (zinc oxide bulk particle) towards the reproductive 

capacity, pharyngeal pumping rate, and lifespan of N2. Additionally, gene expression studies 

were carried to out to assess the variation of the nematode’s cep-1 and pmk-1 genes. Secondly, 

this project aimed to elucidate the size-dependent in vitro inhibitory effect and mode of 

inhibition of the ZnO particles towards CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, 

CYP2J2, and CYP3A5. 

Behavioural assays were conducted using N2 to investigate the size-dependent 

toxicological effect of ZnONP50, ZnONP100, and ZnOBP on the nematode’s reproductive 

capacity, pharyngeal pumping rate, and lifespan. A gene expression study using conventional 

PCR was performed to assess the variation in the expression of the cep-1 and pmk-1 genes to 

elicit the plausible mechanism of ZnO particles’ toxicity. Inhibitory potential of ZnONP50, 

ZnONP100, and ZnOBP on CYP isozymes was investigated using in vitro fluorescence 

enzymatic assays. Half maximal inhibitory concentration (IC50), IC50-shift, inhibitor constant 

(Ki), and the mode of inhibition were determined.  

ZnONP50 exhibited the strongest toxicological effect in terms of N2’s lifespan, while 

the nematode’s reproduction capacity and pharyngeal pumping rate was negatively altered the 

most by ZnONP100. Based on the gene expression study, ZnONP50 upregulated the 

expression of cep-1 and pmk-1 when compared to ZnONP100 and ZnOBP. ZnO particles were 

able to inhibit the CYP isozymes with various potencies in various reversible inhibition modes. 

ZnONP50 was able to significantly inhibit CYP2B6 (Ki:20.33 g/mL, mixed-mode), CYP2C8 

(Ki:43.33 g/mL, competitive-mode), CYP2E1 (Ki: 16.63 g/mL, mixed-mode), CYP2J2 (Ki: 

8.18 g/mL, non-competitive-mode), and CYP3A5 (Ki: 2.54 g/mL, non-competitive mode). 

ZnONP100 inhibited CYP2B6 (Ki: 6.67 g/mL, mixed-mode), CYP2E1 (Ki: 40.1 g/mL, 
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mixed-mode), CYP2J2 (Ki: 20.0 g/mL, mixed/non-competitive-mode), and CYP3A5’s (Ki: 

0.5 g/mL, non-competitive-mode) enzymatic activity. ZnOBP inhibited the enzymatic 

activity of CYP2E1 (Ki: 28.3 g/mL, competitive-mode).  

Size-dependent toxicity demonstrated by ZnO particles towards N2, and the targeted 

genes were investigated. Based on the gene expression study results, it is suggested that 

ZnONPs likely elicited its toxicological effects through the production of ROS and the 

subsequently generated oxidative stress. Size-dependent inhibition was exhibited towards 

CYP2B6, CYP2J2, and CYP2E1. Based on the results of this project, future studies are 

recommended to quantify the production of ROS and the subsequent oxidative stress 

production to improve the understanding of ZnONPs’ toxicological impact in N2 and in 

humans. Additionally, in silico studies using CYP isozymes are required to improve the 

understanding of the mechanism of ZnONPs’ inhibitory potential.  
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Inhibitory Potential of Zinc Oxide Bulk Particles on Cytochrome P450 Isoforms in vitro 

Lamia Noushin Sadeque Chowdhury1, Pan Yan1* 

1Division of Biomedical Science, School of Pharmacy, Faculty of Science and Engineering, University of 
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*Corresponding author: pan.yan@nottingham.edu.my 

 

Introduction: Zinc oxide is a multifunctional material owing to its chemical stability, broad range 

of radiation absorption, and electrochemical coupling coefficient. Due to these characteristics, the 

material is used in several industries including cosmetics, textiles, and pharmaceutics. Its good 

biocompatibility allows it to also be used in a therapeutic setting. While certain materials are known 

to hinder the activity of drug-metabolising cytochrome P450 (CYP) enzymes, the mechanism of 

inhibition by zinc oxide bulk particles (ZnOBP) is not well understood. As the probable inhibition 

of CYP isoforms may lead to adverse reactions due to delayed clearance of co-administered drugs, 

it is essential that the physiological effects are identified. This study is designed to investigate the 

in vitro inhibitory effects of ZnOBP on the following human drug metabolising isoforms: CYP1A2, 
CYP2A6, CYP2B6, CYP2C8, CYP2E1, CYP2J2, and CYP3A5.  

 

Methodology: Inhibitory potential of ZnOBP on CYP isoforms was investigated through in vitro 

fluorescence-based high-throughput screening enzymatic assays in the presence of various ZnOBP 

concentrations, using Vivid® CYP450 Screening Kits. Inhibition ability (IC50; half maximal 

inhibitory concentration) and mode of inhibition (TDI; time-dependent inhibition) were determined. 

The results were analysed using GraphPad Prism 9.2.0.  

 

Results: At the highest concentration of ZnOBP, 100μg/ml, enzymatic activity remained at 145%, 

98%, 94%, 105%, 91% and 120% for the following isoforms respectively: CYP1A2, CYP2A6, 
CYP2B6, CYP2C8, CYP3A5 and CYP2J2. 51.1% enzymatic activity was reduced for CYP2E1 

upon exposure to the highest concentration of ZnOBP. Additionally, the IC50 value was determined 

to be 44.51μg/ml and IC50 shift of 1.48 was derived for CYP2E1.  

 

Discussion/Conclusion: It was concluded that ZnOBP demonstrated negligible inhibitory effect 

towards all isoforms, except CYP2E1. Concentration dependent inhibition of CYP2E1 was 

observed, and ZnOBP was classified as a weak inhibitor. Additionally, ZnOBP was categorised as 

a moderate time-dependent inhibitor of CYP2E1. Further in vitro studies will be conducted, as it is 

essential to better understand the effect of varying factors; namely different classes of shapes and 
sizes of zinc oxide nanoparticles. Additional in vivo and in silico studies are warranted to confirm 

potential adverse side effects and to understand the molecular interaction between the zinc oxide 

particles and CYP isoforms.  

 

Keywords: bulk particles, nanoparticles, zinc oxide, cytochrome P450, in vitro inhibitory studies 
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Introduction: Zinc oxide is a multifunctional material used in several industries including 

cosmetics, textiles, and therapeutic settings. The potential of inhibition of drug metabolizing 
cytochrome p450 (CYP) isozymes by zinc oxide bulk (ZnOBP) and nanoparticles (ZnONPs) is not 

well understood. Inhibition of CYP isozymes may lead to adverse drug reactions due to delayed 

clearance of co-administered drugs. Thus, this study was designed to investigate the in vitro 

inhibitory of effect of ZnOBP and ZnONPs on CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, 

CYP2J2 and CYP3A5. Additionally, the investigation focused on potential size-dependent 

inhibitory effects. 

Methodology: Inhibitory potential of ZnOBP and ZnONPs (<50 nm and <100 nm) on CYP 

isozymes were investigated using in vitro fluorescence enzymatic assays in the presence and 

absence of various ZnO compound concentrations. IC50 and IC50-shift values were determined. 

Results: ZnOBP did not demonstrate significant reversible inhibition on any CYP isozyme, except 
for CYP2E1 with an IC50 value 16.32 µg/ml. ZnONPs with size <100 nm demonstrated significant 

reversible inhibition of CYP2B6, CYP2E1, CYP2J2, and CYP3A5 except CYP1A2, CYP2A6, and 

CYP2C8 with IC50 values of 8.43, 36.10, 23.25, and 7.93 µg/ml. Irreversible inhibition of the CYP 

isozymes by <100 nm ZnONPs was not discovered. ZnONPs with size <50 nm demonstrated 

significant reversible inhibition on CYP2B6, CYP2C8, CYP2E1, CYP2J2, and CYP3A5 except 

CYP1A2 and CYP2A6 with IC50 values of 13.22, 10.15, 4.85, and 10.15 µg/ml. Irreversible 

inhibition of the CYP isozymes by 50 nm ZnONPs was evident for CYP2B6, CYP2C8 and CYP2J2. 

Discussion/Conclusion: CYP metabolism mediated ZnO-drug interactions are possible post co-

bioavailability of zinc oxide bulk particles and zinc oxide nanoparticles with drugs metabolized by 
CYP2B6, CYP2C8, CYP2E1, CYP2J2 and CYP3A5. Smaller sized ZnONPs were able to elicit 

stronger inhibition in all isozymes, except for CYP2J2, indicating size-dependent inhibitory effects. 

Future in vitro studies will allow confirmation modes of inhibition. Further in vivo and in silico 

studies involving zinc oxide bulk particles and nanoparticles and these CYP isozymes are required 

to confirm the potential of adverse drug reaction and to understand the molecular interaction 

between these compounds and CYP isozymes. 

Keywords: zinc-oxide, bulk particles, nanoparticles, cytochrome P450, nanoparticle-drug 

interaction 
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Chapter 1: Introduction and Literature Review   

1.1 Zinc Oxide Nanoparticles  

 Nanotechnology, comprising of nanoparticles (NPs) and nanostructured materials, is an 

active research focus in the fields of science and technology. NPs acquired popularity in several 

industries owing to their physicochemical characteristics including electrical and thermal 

conductivity, melting point, wettability, light absorption, and catalytic activity. NPs are 

particles of a diameter between 1 to 100 nm. Within the scope of NPs, metal oxide NPs are a 

type of inorganic material which are synthesized via several techniques including the sol-gel 

method and the chemical precipitation method. Zinc oxide nanoparticles (ZnONPs) are a type 

of metal oxide NPs which have gained significant attention due to its wide range of applications 

(Altammar, 2023; Gupta & Xie, 2018; Jeevanandam et al., 2018). 

1.1.1 Applications of ZnONPs 

ZnONPs’ physicochemical characteristics allow them to be used in various biomedical 

applications including its anti-ultraviolet radiation, antimicrobial, and anticancer properties.  

A strong advantage of engineering ZnONPs is their anti-ultraviolet radiation property. 

Sunscreens are utilised to protect the skin against the detrimental effects of solar ultraviolet 

(UV) radiation (Smijs & Pavel, 2011). Minerals such as zinc oxide (ZnO) are commonly used 

as inorganic physical sun blockers, as they are inert, and are able to minimise dermal irritation, 

sensitization, and penetration (Antoniou et al., 2008). ZnO particles, which range between the 

200 and 400 nm sizes, are naturally opaque due to their ability to absorb and scatter light. This 

results in a visible white cast when applied on the skin. However, ZnONPs between the sizes 

of 40 nm and 100 nm, are able to block UV efficiently and are also able to absorb the majority 

of visible wavelengths (Ginzburg et al., 2021). This property of ZnONPs eliminates the 

inherent opaqueness of ZnO particles, and makes sunscreens made of ZnONPs undetectable 

on the skin; ZnONPs based sunscreens are inclusive of all skin tones (Nohynek et al., 2008).  

The anti-microbial property of ZnONPs allows it to be used in medical ointments and 

creams meant to accelerate wound healing, dental fillings, and as a component of the 

preservative coating in food packaging (Gudkov et al., 2021; Kolodziejczak-Radzimska & 

Jesionowski, 2014; Xie et al., 2011). In a study conducted to develop nanomedicine focusing 

on the effect of ZnONPs against Vibrio cholera, the bacterium responsible for causing cholera, 

concluded that ZnONPs have the ability to damage and increase the permeability of the 

bacterium’s membrane, and significantly modify the bacterium’s morphology (Sarwar et al., 

2016). There are two primary mechanisms hypothesised for ZnONPs’ antimicrobial activity. 
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The first mechanism is through photoactivation of ZnONPs, which results in a series of 

chemical reactions, and subsequently the formation of reactive oxygen species (ROS) in the 

intracellular and extracellular regions of the bacterium. ROS formed includes hydrogen 

peroxide (H2O2), hydroxyl radical (OH•), and superoxide anion radical (•O2
-). Accumulation of 

ROS is able to damage cellular organelles of the bacterium, which results in necrosis 

(Sirelkhatim et al., 2015; Verbic et al., 2019). The second mechanism of ZnONPs’ 

antimicrobial activity occurs in the absence of light, and it is associated with the dissolution of 

ZnONPs. This results in an increased concentration of Zn2+ ions within the cytoplasm of the 

bacterium, which leads to necrosis (Verbic et al., 2019; Xie et al., 2011). Under dark conditions, 

oxygen radicals and H2O2 are generated from ZnONPs through oxygen defect sites. Oxygen 

defect mediated ROS generation is considered as the primary reason for anti-bacterial 

properties in the absence of light. Transfection of ZnONPs have also been attributed as a 

mechanism for bacterial cell wall damage (Joe et al., 2017).  

 Cancer is a disease which develops from uncontrolled and abnormal proliferation of 

cells within the body (Anjum et al., 2021). Conventional therapy of cancer includes 

radiotherapy, chemotherapy, and surgery. While conventional therapy choices are effective, 

they are non-selective which leads to a multitude of adverse side effects (Shah & Rajput, 2019). 

To overcome the adverse side-effects, research focus has been placed on nanomedicine as they 

provide increased drug delivery capacity, specific targeting, surface functionalisation, and 

biocompatibility (Peer et al., 2007). As ZnONPs are highly biocompatible, they are considered 

viable candidates for potential cancer treatments (Zhang et al., 2013). As such, several in vitro 

studies have investigated the use of ZnONPs’ anti-cancer property towards different cancer 

cell lines. In terms of breast cancer, ZnO and black iron oxide conjugated nanoparticles (ZnO-

Fe3O4 NPs) demonstrated significant toxicity towards the epithelial human breast cancer line, 

MDA-MB-231 (Bisht et al., 2016). Additionally, ZnONPs exhibited significant induction of 

cytotoxicity, autophagy, and apoptosis towards the SKOV3 cell line via increasing the amount 

of oxidative stress and generation of ROS (Bai et al., 2017). In regards to cervical cancer, 

ZnONPs were able to induce apoptosis of the cervical carcinoma cells through increasing the 

levels of ROS intracellularly and upregulating the expression of the apoptotic genes tumour 

protein p53 (p53) and caspase-3 (Pandurangan et al., 2016). In reference to colon cancer, 

ZnONPs were able to decrease the viability of the Caco-2 cell line through increasing the levels 

of ROS and inducing the expression of interleukin 8 (IL-8) (De Angelis et al., 2013). 

Additionally, conjugated ZnONPs-peptides were able to induce anti-proliferation of the H2-29 

colon cancer lines (Bai Aswathanarayan et al., 2018). Conjugated ZnONPs and polymer 
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PMMA-AA (PMMA-AA-ZnONPs) were able to encapsulate and transport significant amounts 

of curcumin, which is known to produce substantial anti-gastric cancer activity (Dhivya et al., 

2018). In terms of lung cancer treatment, liposome-incorporated ZnONPs exhibited chemo-

photodynamic anticancer action, as they were able to perform pH-responsive release of the 

therapeutic, daunorubicin (Tripathy et al., 2015).  

1.1.2 Toxicity of ZnONPs 

 Despite the several advantageous characteristics of ZnONPs, it is important to note that 

ZnONPs have demonstrated toxicological effects towards humans and several animal models 

(Chong et al., 2021). Several in vivo assessments have been conducted using various animal 

models to understand the toxicological effects of ZnONPs in various organs. Through the use 

of different animal models, greater insights of the potential impact on human health can be 

achieved.  

1.1.2.1 Exposure Routes of ZnONPs  

 With the increasing use of ZnONPs in various industries, contact with it is inevitable 

for humans via three primary exposure routes: inhalation, dermal absorption, and ingestion. 

 The inhalation route of exposure to ZnONPs refers to the process by which the NPs are 

introduced into the body via the respiratory system; the ZnONPs are inhaled as small particles 

or as aerosols (Morimoto et al., 2016). Inhalation of ZnONPs occurs through various 

occupational settings including manufacturing and handling of ZnONPs and manufacturing of 

products consisting of ZnONPs. Additionally, ZnONPs are present in the general environment 

through air pollution and exposure to consumer products which contain ZnONPs (Greenberg 

& Vearrier, 2015). Once the NPs enter the lungs, they are deposited into the alveoli, bronchioles, 

and other components of the respiratory tract, and are able to interact with the surrounding 

tissue via physical deposition, phagocytosis, and translocation (Cho et al., 2011; Larsen et al., 

2016).  

 The dermal absorption route of exposure to ZnONPs refers to the penetration of the 

NPs through the skin and subsequently into the bloodstream (Chen et al., 2022). Exposure to 

NPs may result from the use of sunscreen, cosmetics, textiles, and/or medical materials 

consisting of ZnONPs (Ruszkiewicz et al., 2017). Dermal exposure can occur through hair 

follicles, sweat glands, and the intercellular spaces (Osmond-Mcleod et al., 2014). Once 

ZnONPs are able to penetrate the skin, they are able to interact with the proteins, lipids, and 

deoxyribonucleic acid (DNA) components of the skin. Through these interactions, ZnONPs are 
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able to induce oxidative stress, inflammation, and DNA damage within several types of cells 

(Wang et al., 2022). 

The ingestion route of exposure to ZnONPs refers to the intake of the NPs through 

various sources such as contaminated habitats, contaminated food and drinking water, food 

packaging, and drug delivery systems (Grasso et al., 2022). Once the NPs are ingested, 

ZnONPs are able to penetrate into the bloodstream via the gastrointestinal tract. Entering the 

circulatory system allows ZnONPs to be distributed to other organs including the liver, kidneys, 

and the spleen. Additionally, small sized ZnONPs are able to permeate across the blood-brain-

barrier (BBB) and accumulate within the brain (Jo et al., 2013). Toxicity via the ingestion route 

results in inflammation, damage to the gastrointestinal lining, and the accumulation within the 

different organs, which results in oxidative stress and damage to these organs (Pei et al., 2022).  

1.1.2.2 Reproductive Toxicity   

 ZnONPs have the ability to disperse and accumulate in the reproductive organs, 

including the ovaries and the testes, as the NPs are able to penetrate through the blood-testes-

barrier and accumulate in the region. Abnormalities in spermatogenesis, and damage of the 

testicles was observed in three-week old Kumming mice (Kong et al., 2020). Histopathological 

changes within the testes were observed in two-month old male NMRI mice exposed to 

ZnONPs; shrinkage in the thickness and diameter of the seminiferous tubules, and germ cell 

loss were observed (Han et al., 2016; Mozaffari et al., 2015). Oral administration of ZnONPs 

to 6-week old male Kumming mice resulted in the sperm number reduction within the lumen 

and the segregation of the seminiferous tubules. These outcomes suggested that ZnONPs 

exposure resulted in testicular atrophy (Tang et al., 2019). In another study, it was reported that 

ZnONPs-based treatment in four to five months old Wistar male albino rats resulted in 

hormonal fluctuations: increment of thyroxin, tri-Iodothyronine, luteinizing hormone (LH), 

and follicle stimulating hormone (FSH), and decrement of testosterone and thyroid-stimulating 

hormone (Yousef et al., 2019). In two studies conducted on adult Wistar female rats and seven-

week old female SD rats, physical alterations were evident post-ZnONPs treatment. The 

ovaries’ and the uterus’ weight increase were noted. Additionally, atrophied ovaries with 

hyperaemia, follicular cysts, fibrosis, and the increment of corpus luteum and inflammatory 

cells were noted as well. Hyperplasia of endometrial glands and epithelial deterioration within 

the uterus was evident (Hosseini et al., 2019; Jo et al., 2013). It was suggested that the increased 

circulation of the endogenous sex hormones, oestrogen and progesterone, influenced the 

morphological changes noted. The increased circulation of the abovementioned sex hormone 
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resulted in the induction of a negative feedback loop for the production and release of FSH and 

LH, which led to ovarian atrophy (da Silva Faria et al., 2010; Drummond & Findlay, 1999; 

Kumar et al., 1997).  

1.1.2.3 Developmental Toxicity  

 Parental exposure to xenobiotics can lead to developmental toxicity, which refers to the 

adverse effect on the offspring’s development which may present as embryotoxicity or 

teratogenicity (Cordier, 2008; Frontiers et al., 2000; Willhite & Mirkes, 2014). The placenta 

plays several crucial roles during pregnancy. One of these vital roles is to act as a barrier, which 

prevents the passing of harmful xenobiotics from the mother to the developing foetus (Kapila 

& Chaudhry, 2022). In a rodent-based study, it was found that repeated exposure of ZnONPs 

in pregnant mice led to a significant increase in Zn concentration and accumulation in various 

organs of the offspring. This suggested that there is a connection between maternal absorption 

and placental transfer of Zn during pregnancy (Chong et al., 2021). In a study conducted by 

Teng, it was revealed that the placental transfer of Zn is size-dependent. Seven-weeks old ICR 

mice dams were exposed to 13 nm and 54 nm ZnONPs, however, only 13 nm ZnONPs were 

observed in the accumulated regions of the offspring (Teng et al., 2019). Oral administration 

of ZnONPs to eight to ten-week old female Kumming mice exhibited structural damage of the 

placenta, impairment of placental function, and a reduction in the size of the spongiotrophoblast 

layer of the placenta. These observations subsequently led to growth restrictions of the foetus 

and decreased the number of viable offspring (Chen et al., 2020). Paternal exposure of ZnONPs 

have demonstrated the ability to induce DNA damage in the sperm cells of sea urchins (P. 

lividus). The DNA damage subsequently affected the development of respective offspring 

(Manzo et al., 2017). ZnONPs have demonstrated toxicity towards zebrafish embryos: 

structural alterations, impediment of hatching embryos, and deterioration of cardiovascular 

function. Additional morphological changes observed in zebrafish embryo due to ZnONPs 

exposure included bending of the notochord, oedemas on the pericardium, shortened body 

length, spinal curvature, and tail deformities (Choi et al., 2016; Zhao et al., 2013). Increased 

deformities, heart rate, delayed hatching, and mortality were observed of Medaka fish embryos 

upon exposure to ZnONPs (Cong et al., 2017).  

1.1.2.4 Hepatotoxicity  

 Exposure of ZnONPs has demonstrated hepatotoxicity induction which impair the 

liver’s function. Morphological alterations in male Wistar albino rats and tilapia include the 

overgrowth of Kupffer cells and the bile duct, increment of steatosis, induction of anisokaryosis 
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and karyolysis (Hegazy et al., 2018; Shahzad et al., 2019; Suganthi et al., 2015). Upregulation 

of alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl 

transferase (GGT), and alkaline phosphatase (ALP) were recorded post exposure to ZnONPs, 

which indicated hepatic injury in the animal models (Hegazy et al., 2018; Shahzad et al., 2019; 

Tang et al., 2016). Alterations in ALT and AST levels were noted at low concentrations (1 

mg/kg) of ZnONPs treatment. Increased concentration of ALT in the serum is correlated with 

cholestatic injury of the liver, while increased concentration of AST is associated with 

hepatocyte damage (Musana et al., 2004). Upregulation of GGT, which is an enzyme with a 

vital role in the antioxidant system, is linked with oxidative stress. Increased levels of ALP 

indicated biliary injury (Goessling & Stainier, 2016). ZnONPs were administered orally to 

four-week old male Sprague Dawley rats, which elevated the levels of GGT and ALP of the 

liver’s serum. Additionally, administration of ZnONPs increased the level of cytokines, which 

are associated with inflammatory stress (Tang et al., 2016). ZnONPs induced hepatotoxicity’s 

mechanism is reportedly associated with the NPs’ oxidative stress and the subsequent 

inflammation (Luster et al., 2001). Inflammation of the liver inhibits the expression and the 

enzymatic activity of the drug metabolizing enzyme, cytochrome P450 (CYP) (de Jong et al., 

2020). Exposure to ZnONPs has demonstrated downregulated expression and activity of 

cytochrome P450 1A2 (CYP1A2), cytochrome P450 2C11 (CYP2C11), and cytochrome P450 

3A2 (CYP3A2), which may result from conformation alteration of the isozymes through 

ZnONPs-induced generation of ROS and inflammation (Tang et al., 2016).  

1.1.2.5 Neurotoxicity  

 Findings have suggested that ZnONPs are able to penetrate the BBB and travel to the 

central nervous system (CNS) through the circulatory system. This results in an increment of 

Zn concentration within the brain tissue of rodents (de Souza et al., 2018). Translocation to the 

CNS has also been observed via the taste nerve translocation pathway and the olfactory 

pathway in four to six-weeks old male Wistar rats (Aijie et al., 2017; Liang et al., 2018).  

Induction of excessive production of oxidative stress, inflammatory response, and 

morphological changes results from the accumulation of ZnONPs in the brain. These 

alterations lead to subsequent functional impairment and neurodegeneration. The CNS is 

characterised by its high content of unsaturated lipids, minimal amount of antioxidant enzymes, 

high oxygen consumption, and constrained cellular regeneration of neuronal tissue; these 

characteristics make the CNS more vulnerable to ZnONPs’ toxicological effects (Ortiz et al., 

2017; Salim, 2017; Sayre et al., 2008). Administration of ZnONPs orally in rodents resulted in 
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the increased expression of oxidative and nitrosative stresses. These stresses are able to 

enhance inflammation within the CNS through the activation of astrocytes and microglial, and 

the release of pro-inflammatory markers (Attia et al., 2018; Liang et al., 2018). The expression 

of pro-inflammatory markers (TNF-α, IL-1β, and NOS2) are known to increase post-exposure 

to ZnONPs in six-weeks old male Wistar rats (Liu et al., 2020). Appearance of acute neuronal 

lesions and neuronal apoptosis is associated with increased levels of IL-1β (Fogal & Hewett, 

2008). ZnONPs treated rats have showcased an upregulation in the glial fibrillary acidic protein 

(GFAP). The upregulation of GFAP is known to be associated with astrogliosis and 

astrocytosis (Giovannoni, 2014). The activation and accumulation of astrocytes within the CNS 

halts the growth and regeneration of axons, which subsequently leads to neurodegeneration 

within the treated model (Aijie et al., 2017; Gallo & Deneen, 2014). Inactivation of autophagy 

is another characteristic of ZnONPs exposure, which leads to the formation of tau aggregates 

within the brain (Llorens et al., 2018). Behavioural changes post-ZnONPs treatment has been 

noted as well. Deficit in regular motor functions were observed in ten to twelve-weeks old male 

Swiss mice treated with ZnONPs at concentrations ranging between 250 to 500 mg/kg (Yaqub 

et al., 2020). Oral administration of ZnONPs were noted to affect the neuromuscular 

coordination and impaired crawling abilities in Drosophila melanogaster (Sood et al., 2017).  

1.2 The Role of Caenorhabditis elegans as a Pre-clinical Model 

 Caenorhabditis elegans (C. elegans) are free-living nematodes which reside in soil, 

compost, and decaying vegetation. The nematodes primarily feed on bacteria and microbes 

found within the soil and decomposing organic matter (Zečić et al., 2019). C. elegans display 

sexual dysmorphism, with males (XO) and hermaphrodites (XX) as the two sexes (Meneely et 

al., 2019). Hermaphrodite nematodes are able to self-fertilize and are able to produce 

approximately 300 offspring per reproductive cycle, which takes 3.5 days (Riddle et al., 1997). 

The self-fertilizing nematodes are able to propagate a genetically identical progeny. The 

nematode’s life begins as a fertilized egg and its developmental sequence takes approximately 

three days (Muschiol et al., 2009; Scharf et al., 2021).  

1.2.1 Anatomy of C. elegans  

 C. elegans have a cylindrical and seamless body shape, with a narrowed end. Its body 

plan consists of an external and an internal tube, which is partitioned by a pseudo-coelomic 

space. The body wall, also known as the external tube, comprises of the cuticle, excretory 

system, hypodermis, muscles, and neurons. The internal tube comprises of the adult-stage 

gonad, intestine, and pharynx. All components of the nematode’s body are regulated via the 
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osmoregulatory system and are surrounded by internal hydrostatic pressure. Despite its simple 

anatomical makeup, C. elegans have extensive organ systems in place (Alberts et al., 2002; 

Corsi, 2006; Riddle et al., 1997).  

1.2.2 Reproduction in  C. elegans  

The reproductive system of C. elegans is organised into two gonadal arms which are 

connected by a central uterus. The central uterus encompasses the nematode’s germ line, the 

somatic gonad, and the egg-laying contraption (Athar & Templeman, 2022). The reproductive 

organs of C. elegans are able to generate mature gametes, fertilize oocytes, and lay eggs (Scharf 

et al., 2021).  

The initiation of the reproductive system’s development occurs during embryogenesis, 

during which the germline blastomere (P4) is formed. P4 serves as the founder cell, and it 

generates all subsequent germline cells. During embryogenesis, P4 splits into two primordial 

germ cells, Z2 and Z3. Z2 and Z3 proliferate during the larval stages to form adult germ cells, 

and they are situated between Z1 and Z4, which are somatic gonad precursors (Hubbard & 

Greenstein, 2005). Distal tip cells (DTC) propagate from Z1 and Z4, and they form the ends of 

the gonad, and manage germ cell proliferation. As the germ cells develop, they translocate from 

the DTC to the neighbouring ends of the gonad, where they gather while awaiting fertilization 

(McCarter et al., 1999).  

Hermaphrodites start production of sperm from the fourth-larval stage (L4) until 

adulthood, and after which they solely produce oocytes (Hubbard & Greenstein, 2005). The 

produced sperm are stowed in the spermatheca at the proximal end of the gonad, where they 

are able to fertilize mature oocytes (L’Hernault, 2006; Singson, 2001). Embryogenesis occurs 

instantly post fertilization. Embryos are deposited in the uterus and expelled through the vulva 

(Hall & Herndon, 2017). 

 The production of fertilized eggs adheres to a timed schedule. Once the nematode 

reaches sexual maturity, the production of progeny increases. Peak production is reached on 

adult-day-2; adult-day-2 refers to the 48-hour period post expulsion of the nematode’s first egg. 

During peak production, an oocyte is approximately ovulated every 23 minutes, which results 

in the production of around 150 progeny per day. Production of progeny starts declining post 

adult-day-2 and it ceases around adult-day-6 to adult-day-9 (McCarter et al., 1999; Scharf et 

al., 2021).  
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1.2.3 Life Cycle of C. elegans 

 
Figure 1.1. Diagram illustrating the life cycle of C. elegans. L1, L2, L3, and L4 denote the four 

respective larval stages. As the nematode grows into each stage, including the adult stage, the girth of 

the body increases. (Zeiss Axioscope 5, Magnification: 20X) (Photos taken by author). 
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The life cycle of C. elegans, depicted in Figure 1.1, comprises of embryonic stage, the 

four larval stages, and the adulthood stage. The ending of each larval stage is characterised by 

a molt which forms through three steps: detachment of the former cuticle from the hypodermis 

(apolysis), construction of the latter cuticle from the hypodermis, and the sloughing of the 

former cuticle (ecdysis) (Byerly et al., 1976; Muschiol et al., 2009). 

The embryogenesis stage is subdivided into two distinct stages: proliferation and 

organogenesis. The proliferation stage initiates approximately 5-hours post fertilization, during 

which a single cell propagates 558 undifferentiated cells. The first phase of proliferation covers 

the zygote formation until the generation of the embryonic founder cells within the nematode’s 

uterus. Once the embryo reaches the 30-cells stage, the embryo is expelled through the vulva 

(Gilbert, 2000). The second phase of proliferation encompasses the remaining cell division and 

gastrulation until organogenesis. The culmination of the proliferation stage is noted by the 

division of the embryo into three germ layers: ectoderm, mesoderm, and endoderm. The 

hypodermis and neurons develop from the ectoderm. The mesoderm develops into the pharynx 

and muscle. The endoderm develops into the germline and the intestine. During organogenesis, 

the terminal differentiation of cells initiates, the embryo elongates, and the tissues and organs 

completely differentiate (Pazdernik & Schedl, 2013). Sexual dimorphism is evident 8-hours 

post fertilisation; the cephalic companion neurons (CEMs) degenerate in hermaphrodites. 

Pharyngeal pumping begins at 12.6-hours post fertilisation, and the embryo hatches at 13.3-

hours. At the end of the organogenesis stage, the full body plan is fixed (Riddle et al., 1997). 

During the first-larval stage (L1), the nematode is approximately 250 µm long. The 

nervous and reproductive system develop during this stage. In terms of the nervous system, 

five of the eight classes of the ventral cord are formed and one class undergoes synaptic 

reorganisation. During the latter part of L1, a group of neurons alter their synaptic patterns, 

which turns their dorsal branches presynaptic and inhibitory to the dorsal body wall muscles, 

and turns their ventral branches postsynaptic and excitatory to the ventral body wall muscles 

(Zhang et al., 2020). Alterations in the reproductive system initiate during the latter part of L1. 

Z1 and Z4, the somatic gonad precursors, produce twelve cells within the hermaphrodite. Z2 

and Z3, the germline precursors, start proliferating and continue throughout all larval stages 

until adulthood is reached (Nagy et al., 2013; Zhang et al., 2020). 

After 12-hours, C. elegans transform into the second-larval stage (L2). During L2, the 

nematode is approximately 360-380 µm long. The nervous and reproductive system continues 

to develop during this stage for the hermaphrodite. In the nervous system, the postdeirid 

sensilla and two ventral ganglion neurons are generated. In terms of the reproductive system, 
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the germs cells originating from Z2 and Z3 continue proliferating, while the cells originating 

from Z1 and Z4 do not proliferate. The somatic and germ cells converge, and they rearrange to 

form the future gonad (Nagy et al., 2013; Zhang et al., 2020).  

The dauer larva is an arrested state the nematode enters after L2, if the environmental 

conditions deem it necessary. Conditions which determine whether C. elegans enter the 

arrested state include population density, availability of food source, and ambient temperature; 

an environment with a high population density, absence of nutrients, and/or higher than optimal 

ambient temperature may trigger the morphological transformation of the nematode into the 

L2-dauer larva stage (L2D). If the unfavourable environmental condition persists for an hour 

or turns favourable within an hour, L2D is able to progress into a dauer or move onto the third-

larval stage (L3) respectively. In terms of its morphology, dauer larva are thin and they have a 

thick cuticle; the pharyngeal and intestinal lumens shrink, the excretory glands exclude 

secretory granules, and the excretory pore remains open (Byerly et al., 1976; Riddle et al., 

1997). 

During L3, the nematode is approximately 490-510 µm long. The reproductive system 

continues developing within the hermaphrodite. The somatic gonad precursors generate 143 

cells to assemble the posterior and anterior gonadal sheaths, uterus, and the spermathecae. The 

gonad arms continue to extend towards their respective direction, and the vulva terminal is 

generated from the vulva precursors. Lastly, sex muscle cells are generated from myoblasts 

(Gilbert, 2000; McCarter et al., 1999). 

The L4 nematode is approximately 620-650 µm. Gonadogenesis is completed during 

L4. The distal gonad arms continue extending and migrating along their path. The germline, 

within the proximal arm, undergoes meiosis. The germ cells undergo differentiation to produce 

sperm, which stops during the latter part of L4; remaining germ cells undergo meiosis to 

differentiate into oocytes. Tissue morphogenesis occurs once the generation of the vulva’s cell 

line and the uterine terminal is concluded. The tissue, egg-laying neurons, and sex muscles give 

rise to the egg-laying apparatus (Muschiol et al., 2009; Nagy et al., 2013). 

The final stage of C. elegans life cycle is the adult stage, which is reached within three 

days of egg-hatching at 25°C. The adult hermaphrodite is able to lay eggs, which indicates the 

completion of a three-day reproductive cycle. Throughout the entire life cycle, a total of 1090 

somatic cells are generated while 131 of these cells undergo apoptosis. Thus by the time the 

nematode reaches the adult stage, 959 somatic cells remain (Zhang et al., 2020). 
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1.2.4 Feeding Mechanism of C. elegans 

Feeding activity is fulfilled by the rhythmic contractions and relaxation of the pharynx. 

As a neuromuscular pump, it is able to ingest provisions in the surrounding environment and 

transport it through the mouth to the intestine (Avery & Shtonda, 2003). The pharyngeal muscle 

is constructed from three functional groups: corpus, isthmus, and the terminal bulb. The corpus 

is located in the anterior end of the pharynx, and it is able to draw in the bacterial food when 

the pharynx contracts. The terminal bulb is located in the posterior end of the pharynx, and it 

contains the grinder. The grinder is made up of three cuticular plates, which are able to grind 

the bacteria to allow absorption by the intestine. The corpus and the terminal bulb are connected 

by the isthmus (Albertson & Thomson, 1976).  

The pharynx has its own nervous system known as the pharyngeal nervous system. It 

encompasses twenty neurons of fourteen distinct types. The pharyngeal neurons contain 

neuropeptides and neurotransmitters, and they are located under the basal lamina. Important 

small-molecule neurotransmitters include acetylcholine, glutamate, and serotonin 

(Trojanowski et al., 2016). Of the fourteen types of neurons, three types of motor (M) neurons 

(M3, M4, and MC) are involved in the feeding process. The M3 and MC neurons control the 

beginning and ending of a contraction respectively, while the M4 neuron is required for isthmus 

peristalsis and growth under certain conditions (Fang-Yen et al., 2009). 

The two feeding motions carried out by C. elegans are isthmus peristalsis and pumping. 

The pumping motion is utilized to draw in the bacteria, and it starts with the concurrent 

contraction of the anterior isthmus, corpus, and the terminal bulb. The simultaneous contraction 

opens the lumen in a triangular cross-section (Marder & Calabrese, 1996). The opening allows 

the nematode to suck in the bacterial suspension. The contraction of the corpus, anterior 

isthmus, and the terminal bulb is simultaneous, and it is followed by simultaneous relaxation.  

The relaxation of the muscle expels the liquid, while the bacteria remain within the nematode. 

Isthmus peristalsis occurs after the pumping motion; however, it is only transpired one out of 

every four pumps (Trojanowski et al., 2016). Isthmus peristalsis is defined as the peristaltic 

traction of the posterior isthmus’s muscles, which allows ingested bacteria to be transported to 

the terminal bulb (Marder & Calabrese, 1996). 

Each pumping cycle corresponds to a singular action potential, which occurs within the 

pharyngeal muscle. It is regulated by duration and frequency (Fang-Yen et al., 2009; Marder 

& Calabrese, 1996). Each action potential is carried out by the sequential action of five 

distinguished ion channels. The first ion channel is a nicotinic acetylcholine receptor, which is 

activated by the MC neuron. The second ion channel is a voltage-gated calcium channel, which 
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has a low threshold. The third ion channel is a voltage-gated calcium channel as well; however, 

it has a higher threshold. The fourth ion channel is a glutamate-gated chloride channel, which 

is activated by the M3 neuron. The fifth ion channel is a voltage-gated potassium channel 

(Avery & Horvitz, 1987; Selverston, 2010; Trojanowski et al., 2016).  

1.2.5 C. elegans’ Genome  

 The first multicellular organism to have its complete genome sequenced was C. elegans 

in 1998, which comprises of approximately 100 million base pairs encoding 20,470 protein 

coding genes. Hermaphrodites have 5 pairs of autosomes and 1 pair of sex chromosomes. The 

nematodes’ genome is structured in a simple and an organized manner, as the gene density is 

similar across all the chromosomes; the gene density is approximately one gene per five 

kilobase pairs.  C. elegans’ genes contain 131,083 exons which account for 26% of the genome, 

and 108,151 introns within the coding sequences of the genome (Cutter et al., 2009; Spieth et 

al., 2014; Waterston & Sulston, 1995).  

1.2.5.1 External Influences on Gene Expression of C. elegans  

 Gene expression can be defined as the synthesis of a functional gene product from the 

information provided by DNA, and it is dependent on both environmental and genetic factors 

(Liu et al., 2022; Singh et al., 2018). 

Temperature fluctuations and dietary alterations are common parameters known to alter 

the physiology and expression of genes in C. elegans. In laboratory settings, C. elegans are 

able to complete their life cycle in 2.5 days at 25°C, while their life cycle is extended to 5 days 

at 15°C (Klass, 1977).  Escherichia coli strain OP50 (E. coli OP50) is the standard diet provided 

for the nematode in the laboratory setting (Montalvo-Katz et al., 2013). However, Bacillus 

subtilis (B. subtilis) has also been utilised as an alternate diet in several projects (Cabreiro & 

Gems, 2013; Lezzerini et al., 2015; Sánchez-Blanco et al., 2016). The average lifespan of E. 

coli OP50 fed nematodes maintained at 20°C is approximately 17 days, while B. subtilis fed 

nematodes maintained at the same temperature had lifespans of around 27 days (Sánchez-

Blanco et al., 2016). An in vivo study has demonstrated gene expression fluctuations when the 

nematodes were exposed to pre-determined diet and ambient temperature combinations. With 

the E. coli OP50 diet, an ambient temperature of 25°C resulted in an increased expression of 

571 genes when compared to nematodes maintained at 15°C. Of the 571 genes, 184 genes also 

increased in expression under 25°C when compared to maintenance under 20°C. 183 of the 

184 genes retained the same expression level at both 15°C and 20°C. With the B. subtilis diet, 

an ambient temperature of 25°C resulted in increased expression of 919 genes when compared 
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to nematodes maintained at 15°C. Of the 919 genes, 161 genes also increased in expression 

under 25°C when compared to maintenance under 20°C. 147 of the 184 genes retained 

unchanged expression level at both 15°C and 20°C. The upregulated genes belonged to the 

defense response pathways and the metabolism of amino acids, lipids, and organic acids for 

nematodes under E. coli OP50 diet and B. subtilis diet respectively. This demonstrated that the 

expression of a significant number of C. elegans’ genes are influenced by their ambient 

temperature and type of bacterial diet present (Gómez-Orte et al., 2018).  

 Oxidative stress induced by the presence of xenobiotics and toxic compounds in the 

environment is a factor known to alter gene expression within C. elegans. Oxidative stress is 

defined as the imbalance between ROS and detoxification enzymes which leads to significant 

oxidative damage to macromolecules including DNA, protein, and lipids (Hu et al., 2018). In 

the nematode, air pollutants, NPs, and pesticides are known to induce oxidative stress (Haghani 

et al., 2019; Huang et al., 2019; Liu et al., 2023). The primary mechanism through which 

oxidative stress alters gene expression in C. elegans is through the activation of transcription 

factors including DAF-16 and SKN-1. DAF-16 and SKN-1 are activated and able to respond 

rapidly to oxidative stress as they are able to translocate from the cytoplasm to the nucleus, 

where they subsequently activate transcription. DAF-16 is activated through the inhibition of 

insulin/insulin-like growth factor signalling. It is able to regulate downstream target genes 

which influence dauer formation, lifespan, energy metabolism, and stress resistance in the 

nematode (Kondo et al., 2005). SKN-1 promotes gene expression involved in resistance 

towards oxidative stress, and alteration in the nematode’s lifespan (Tullet et al., 2017).  

1.2.5.2 Genes of Interest 

 DNA damage-induced apoptosis is associated with various human malignancies. The 

tumour suppression protein, p53, is a transcription factor which is involved in initiating cell 

cycle arrest, apoptosis, autophagy, and DNA repair (Riley et al., 2008). In human cells, wild-

type p53 is stable and expressed at low levels. However, upon DNA damage and exposure to 

environmental stress, p53 expression increases which activates the down-stream target genes 

(Hoffman et al., 2014). In C. elegans, the p53 ortholog CEP-1 protein has the same function. 

CEP-1 is encoded by the gene cep-1, which belongs to the C. elegans P53-like protein (cep) 

gene class (Schumacher et al., 2005). It is activated by DNA damage and oxidative stress, and 

subsequently induces germline cell death by the upregulation of target genes: egl-1 and ced-13 

(O’Donnell et al., 2017). Under normal conditions, approximately 50% of oocytes undergo 

predetermined apoptosis, and the dead oocytes function as cytoplasmic components for the 
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remaining mature oocytes. However, the increased expression of the cep-1 gene, as a result of 

internal and external stressors, results in reduced number of offspring (O’Donnell et al., 2017; 

Riley et al., 2007; Sang et al., 2022).  

 Stress-activated mitogen-activated protein kinases (MAPK) pathways are regulated by 

intra-cellular and extra-cellular stresses, which include environmental physical and/or chemical 

alterations. The pathways are able to phosphorylate substrates, which leads to a network 

response (Zarubin & Han, 2005). Within the MAPK pathways, p38 MAP kinase responds 

primarily to extracellular and intracellular stress; it responds to inflammation, changes in the 

physical and chemical environment, DNA damage, and oxidative stress (Soltanmohammadi et 

al., 2022). In C. elegans, p38 MAP kinase ortholog PMK-1 protein serves the same function. 

PMK-1 is encoded by the gene pmk-1, which belongs to the P38 MAP Kinase (pmk) gene class. 

PMK-1 is able to directly phosphorylate SKN-1, which translocates from the cytoplasm to the 

nucleus. A study conducted has suggested that oxidative stress activates the PMK-1 pathway, 

and induces the accumulation of SKN-1 in the intestine and the activation of stress-induced 

genes such as gcs-1 (Inoue et al., 2005). Increased expression of the pmk-1 gene is hypothesized 

to alter the lifespan and developmental processes in C. elegans (Hotamisligil & Davis, 2016).  

 C. elegans’ tba-1 gene belongs to the TuBulin Alpha (tba) gene class, and it is an 

ortholog to the human TUBAL3 protein. It is a reference gene commonly used in C. elegans’ 

studies (Zhang et al., 2012). Tubulins are globular protein within the cytoplasm, which are 

components of microtubules; the C. elegans tubulin family comprises of α-tubulins, β-tubulins, 

and γ-tubulins (Lu & Zheng, 2022). The tba-1 gene encodes for β-tubulins in eukaryotic cells. 

Microtubules are involved in cell division, cell shape maintenance, and intracellular transport. 

tba-1 is ubiquitously present in all cells at all stages of the nematode’s life cycle, which makes 

it a suitable housekeeping gene (Taki & Zhang, 2013). The TBA-1 protein is expressed within 

the germline, as it is involved in the meiotic and mitotic spindle assembly in early embryos 

(Hurd, 2018). It is also expressed in excitatory motor neurons, and serve as a component of the 

cytoskeleton and enables guanosine triphosphate binding activity (Lu & Zheng, 2022).  

1.2.6 Advantages of Using C. elegans as a Toxicological Model  

 C. elegans are commonly utilised in toxicological studies owing to their multitude of 

advantages. Firstly, its short life cycle of 3.5 days and short life expectancy of 25-30 days allow 

it to be an efficient model to investigate the toxicological influence of xenobiotics on 

parameters such as alterations in the average lifespan and reproductive capacity (Johnson, 2003; 

Riddle et al., 1997). Secondly, as a single adult hermaphrodite C. elegans is able to give rise to 
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a substantial number of offspring, it results in an ample supply of nematodes for experimental 

purposes (Meneely et al., 2019). Thirdly, as the nematode’s torso is transparent, it allows 

researchers to observe morphological changes. Additionally, the transparency allows 

researchers to monitor the pumping mechanism of the pharynx which allows the investigation 

of the toxicological influence of xenobiotics on parameters such as the pharyngeal pumping 

rate (Kerr, 2006; Raizen et al., 2012; Trojanowski et al., 2016). Fourthly, these nematodes are 

easy and in-expensive to maintain in the lab (Stiernagle, 2006). Lastly, the complete genome 

sequence of the nematode is a crucial advantage. It allows researchers to investigate alterations 

at the molecular level which may correlate to the physical alterations observed. Furthermore, 

40-80% of the genes are orthologous to human genes, which may be beneficial to yield 

clinically applicable results (Culetto & Sattelle, 2000; Forslund et al., 2011).  

1.2.7 Investigation of Toxicological Effects of NPs by Employing C. elegans 

 Due to its numerous advantages, a good number of toxicological studies have employed 

C. elegans to investigate the effect of NPs’ exposure. 

 Bristol strain N2 (N2) nematodes were exposed to silver nanoparticles (AgNPs) at a 

concentration of 1010/particle/mL at the L4 point in their life cycle. 48-hours of exposure 

resulted in shortened body length of the treatment group, and the number of NP-treated living 

nematodes reduced significantly at the 72-hours’ time point. Based on the transcriptome 

analysis, exposure to AgNPs resulted in alterations of 43 genes’ expression, with 34 

overexpressed and 9 supressed at the 72-hours’ time point. These genes belonged to nine 

distinct pathways, and they represent 12% of the active genes within the respective pathways 

(Walczynska et al., 2018).  

 Gold nanoparticles (AuNPs) were utilised to investigate their impact on the lifespan 

and reproductive capacity of C. elegans. 11 nm and 150 nm sized AuNPs were introduced to 

the nematodes at a concentration range of 0 to 100 µg/mL. Upon exposure to 11 nm AuNPs at 

a concentration of 100 µg/mL, statistically significant reduction in the lifespan compared to the 

control group was observed. Furthermore, reduction in reproduction capacity was observed as 

well. As for the 150 nm AuNPs, they were neither able to elicit significant alterations on the 

survival rate nor the reproduction capacity of the nematodes. Furthermore, C. elegans were 

able to ingest 500 times more of the 11 nm AuNPs compared to the 150 nm AuNPs. However, 

alterations in the markers of endocytosis and intestinal barrier integrity was not observed 

(Gonzalez-Moragas et al., 2017).  
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 Toxicity of spherical 28.4 nm copper oxide nanoparticles (CuONPs) was investigated 

at a concentration range of 5 to 20 mg/L. When exposed to the highest concentration of 

CuONPs, statistically significant reduction in the nematode’s body length was noted when 

compared to the control group. Additionally, the exposure to CuONPs significantly decreased 

the pharyngeal pumping rate of C. elegans. Degeneration of dopaminergic neurons was 

observed in 10% of the treatment group post-exposure to the NPs. However, CuONPs were not 

able to diminish the nematodes’ reproduction capacity (Mashock et al., 2016).  

 Rod-shaped 108 nm and bipyramidal-shaped 38 nm titanium dioxide nanoparticles 

(TiO2NPs) were employed to investigate their effect on C. elegans. Biodistribution and 

accumulation was neither dependent on the size nor the shape of TiO2NPs; however, these 

factors influenced the elicited toxicity. Both 108 nm and 38 nm TiO2NPs were ingested and 

were able to permeate the intestinal barrier to reach the reproductive system of the nematode 

efficiently. The 108 nm rod-shaped TiO2NPs elicited a more significant impact on the 

pharyngeal pumping rate, reproduction capacity, and growth of the nematodes when compared 

to the 38 nm bipyramidal-shaped TiO2NPs (Iannarelli et al., 2016).  

1.3 Introduction to Cytochrome P450 

 CYP monooxygenases are membrane-bound haemoproteins which catalyse the 

oxidation and metabolism of several xenobiotics and endogenous compounds. They are 

ubiquitously present within the endoplasmic reticulum of cells in most body tissues; however, 

they are predominantly expressed in the liver, intestines, and the kidney. The highest 

expression level of CYPs is found within the liver (Gerth et al., 2019). As of present, 57 CYP 

isozymes have been identified and sequenced within the human genome. These isozymes are 

divided into 18 families and 43 subfamilies (Veith et al., 2009). The structure of CYPs is highly 

conserved amongst all the members of the family; the superfamily of CYP isozymes share  

40% of sequence homology, and 55% of sequence homology is shared amongst subfamilies 

(Sirim et al., 2010). The CYP enzyme is composed of approximately 500 amino acids, and has 

an estimated molecular weight of 55,000Da (Akiyama et al., 2002; Sasaki et al., 2005). The 

enzyme is organised into two domains: N-terminal domain and C-terminal domain. The N-

terminal domain contains the heme-binding and the substrate-binding sites. The C-terminal 

domain contains a hydrophobic core, and flexible loops which undergo conformation change 

upon substrate binding (Aslantas & Surmeli, 2019).   
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1.3.1 CYP and its Role in Drug Metabolism  

 CYP isozymes are responsible for the metabolism of the majority of clinically 

prescribed medication through Phase I metabolism (Zhao et al., 2021). Lipid-soluble drugs 

partition into the lipid bilayer of the endoplasmic reticulum and it is enzymatically metabolised 

into a hydrophilic metabolite (McDonnell & Dang, 2013). The hydrophilic metabolite is 

suitable for excretion, or it may require additional metabolism in the form of sequential Phase 

I or Phase II reactions (Susa et al., 2023).  

 CYP’s catalysation occurs in the form of oxidation via multiple steps. CYP isozymes’ 

active site is made up of a heme-iron center, where the iron compound is attached to the enzyme 

through a cysteine thiolate molecule (Barr et al., 2020). Conformation change of the active site 

is induced once the substrate binds to the active site within the heme group (Parisi et al., 2019). 

An electron is transferred from nicotinamide adenine dinucleotide phosphate (NADPH) 

through reductases. Post-reduction, an oxygen molecule binds to the ferrous-heme group. 

Reduction adds an additional electron, and the reaction yields a peroxide group, Fe-O2 (Munro 

et al., 2018). Fe-O2 exists briefly as it is protonated twice, and subsequently releases a water 

(H2O) molecule and a P450 compound, FeO3
-; this step allows the further hydroxylation of the 

compound, which increases its ability to be excreted and makes it hydrophilic (Rodeiro et al., 

2013).  

 CYP1, CYP2, and CYP3 gene families are essential for drug metabolism; of the 57 

CYP isozymes identified, the following seven are responsible for metabolising 60% of CYP-

metabolised drugs: cytochrome P450 1A2 (CYP1A2), cytochrome P450 2A6 (CYP2A6), 

cytochrome P450 2B6 (CYP2B6), cytochrome P450 2C8 (CYP2C8), cytochrome P450 2E1 

(CYP2E1), cytochrome P450 2J2 (CYP2J2), and cytochrome P450 3A5 (CYP3A5). The 

percentage of clinical drugs metabolised by these CYP isozymes is presented in Figure 1.2 

(Zanger & Schwab, 2013).  
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Figure 1.2. Percentage of clinical drugs metabolised by Cytochrome P450 isozymes (Zanger & 

Schwab, 2013). 

 

1.3.2. Drug Metabolising CYP Isozymes 

 Each drug metabolising CYP isozyme has its own unique characteristics, which are 

important to note during the drug design process. These characteristics include the expression 

level in different organs, substrate specificity, and its known inducers and inhibitors (Johnson 

et al., 2021).  

CYP1A2 metabolises 15% of clinically used drugs, and it is expressed in the 

endoplasmic reticulum of hepatic tissue. Preferred substrates of CYP1A2 include amides, 

amines, aromatics, heterocyclics, planars, and polyaromatics. Inducers of CYP1A2 include 

methylcholanthrene, naphthoflavone, omeprazole, and tobacco. Lastly, CYP1A2’s prominent 

inhibitors include cimetidine, fluvoxamine, and furafylline (Fekete et al., 2022; Wang & Zhou, 

2009). 

 CYP2A6 metabolises 5% of clinically used drugs, and it is expressed both in 

extrahepatic tissue and hepatic tissue; CYP2A6 is predominantly expressed in the liver. 

Substrate preferences of CYP2A6 include ketones, nitrosamines, and nonplanars. CYP2A6’s 

activity is induced by artemisinin, carbamazepine, estrogen, and phenobarbital. Inhibitors of 

CYP2A6 include 8-methoxypsoralen, selegiline, and trancylpromine (Kramlinger et al., 2012; 

McDonagh et al., 2012; Mo et al., 2009).  

 CYP2B6 metabolises 12% of clinically used drugs. It is expressed within 

gastrointestinal tissue and hepatic tissue, with the majority of it being expressed in the liver. 

Anesthetics, herbicides, insecticides, neutral bases, weak bases, and lipophilic nonplanar 

molecules are preferred substrates of CYP2B6. Known inducers of CYP2B6’s activity include 

artemisinin, nevirapine, and phenobarbital. Recognised inhibitors of CYP2B6’s activity 

include clopidogrel and ticlopidine (Langmia et al., 2021; Wang & Tompkins, 2008).  
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 CYP2C8 metabolises 8% of clinically used drugs, and it is primarily expressed in 

hepatic tissue. Expression in extrahepatic, lung, and gastrointestinal tissue is evident as well. 

Preferred substrates of CYP2C8 include antidiabetic, antimalarial, and large and weak acidic 

molecules. Rifampicin is a known inducer of CYP2C8’s activity, and inhibitors of CYP2C8’s 

activity include gemfibrozil, montelukast, quercetin, and trimethoprim  (Aquilante et al., 2013; 

Daily & Aquilante, 2009; Lai et al., 2010).  

 CYP2E1 metabolises 5% of clinically used drugs. It is expressed in extrahepatic, lung, 

and gastrointestinal tissue, while the majority of its expression is localised in hepatic tissue. 

Alcohol, aliphatic, halogenated alkanes, and neutral hydrophilic planar molecules are known 

substrates of CYP2E1. A recognised inducer of CYP2E1’s activity is ethanol, while recognised 

inhibitors of CYP2E1’s activity includes 4-methylpyrazole, clomethiazole and disulfiram 

(Guengerich, 2020; Hakkola et al., 2020).  

 CYP2J2 metabolises 5% of clinical drugs. Unlike the previously mentioned CYP 

isozymes, CYP2J2’s predominant expression is found in cardiovascular tissue. CYP2J2 is also 

expressed in hepatic tissue and gastrointestinal tissue. Fatty acids, linear chain-containing 

molecules, and antihistamines are preferred substrates of CYP2J2. Based on past and current 

studies, there are no known inducers for CYP2J2’s activity. Recognised inhibitors of CYP2J2 

include apixaban, arachidonic acid, danazol, ketoconazole, and terfenadine (Aliwarga et al., 

2018; Lee et al., 2010; Tian et al., 2021).  

 CYP3A5 metabolises 50% of clinically used drugs alongside CYP3A4. The majority 

of CYP3A5’s expression is located in hepatic tissue. As CYP3A5 shares 85% amino acid 

sequence homology with CYP3A4, they have high substrate similarity; preferred substrate 

types are categorised as large and lipophilic molecules. Inducers of CYP3A5’s activity include 

carbamazepine, efavirenzes, and rifampicin. Azamulin, fluconazole, and ketoconazole are 

recognised inhibitors of CYP3A5’s activity (Khan et al., 2020; Smith et al., 2018).  

1.3.3 Inhibition of CYP Isozymes 

Foremost concern regarding CYP-based drug metabolism is the possibility and extent 

of drug-drug interactions, herb-drug interactions, and as a focus of this research project, 

nanoparticle-drug interactions (NDI) (Pan et al., 2019). A major type of NDIs observed in terms 

of CYP-based drug metabolism is the inhibition of CYP isozymes (Zhang et al., 2021). 

Inhibition of CYP isozymes can be categorised as reversible and/or irreversible (Fowler & 

Zhang, 2008). Reversible inhibition’s subtypes include competitive, non-competitive, un-

competitive, and mixed mode inhibition (Tu et al., 2021). The subtypes of reversible inhibition 
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can be graphically illustrated using Lineweaver-Burk plots (Figure 1.3), which is a double 

reciprocal plot; the reciprocal of the substrate’s concentration is presented on the x-axis, and 

the reciprocal of the reaction velocity is presented on the y-axis (Johnson, 2013).  

 

Figure 1.3. Lineweaver-Burk plots of different types of reversible inhibition: competitive, 

uncompetitive, and noncompetitive. Km Michaelis constant, Vmax maximum rate of reaction (Delaune 

& Alsayouri, 2022) 

1.3.3.1 Reversible Inhibition  

 A reversible inhibitor inactivates an enzyme’s activity via non-covalent binding with 

the enzyme. Alteration in an enzymes’ maximum velocity (Vmax) and the Michaelis constant 

(Km) are indicators of the type of reversible inhibition observed (Strelow et al., 2012). Vmax is 

defined as the enzyme’s reaction rate at which the substrate’s concentration completely 

saturates the active site of the targeted enzyme (Attaallah & Amine, 2021). Km is the required 

substrate concentration to attain the half reaction rate of Vmax and is defined as the inverse 

measurement of the affinity between the substrate and the enzyme (Robin et al., 2018).  

 Competitive inhibition occurs when the inhibitor and the substrate aim to attach to the 

enzyme at the same active site, as they are structural analogs. The affinity and concentration of 

the inhibitor influences the strength of competitive inhibition observed. During competitive 

inhibition, an inhibitor with stronger affinity to the enzyme has the ability to displace a 

substrate with weaker affinity to the enzyme (Attaallah & Amine, 2021). This interaction 

results in the decrease of affinity and the extent of breakdown of the substrate, leading to its 

accumulation within the system (Zolghadri et al., 2019). If an ingested drug serves as the 

substrate with the weaker infinity, it will result in the decreased clearance and increased bio-

availability of the drug. The increased plasma concentration of a clinically prescribed 

medication may result in adverse side effects. Alternatively, if the ingested drug is a pro-drug, 

the formation of metabolites would decrease, and it would lead to decreased therapeutic 

efficacy (Cho & Yoon, 2018). Competitive inhibition is evident immediately upon introduction 
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of the inhibitor, and it is not affected by the incubation if the concentration of the substrate is 

kept equal. However, manipulating the substrate’s concentration can mitigate the impact of 

competitive inhibition. In a Lineweaver-Burk plot depicting competitive inhibition, the data set 

exhibits an unchanged Vmax and an increased Km (Delaune & Alsayouri, 2022). 

 During non-competitive inhibition, the inhibitor aims to bind to an allosteric site of the 

enzyme, while the substrate aims to bind to the active site of the enzyme; the inhibitor and the 

substrate are not structural analogs (Delaune & Alsayouri, 2022). The binding of the inhibitor 

onto the allosteric site is independent of the substate’s ability to bind onto the active site. Once 

the non-competitive inhibitor is able to bind onto the allosteric site of the enzyme, it results in 

a conformational change of the enzyme, which reduces the enzyme’s catalytic activity; the 

reduction in enzymatic activity is not dependent on the substrate’s concentration (Deodhar et 

al., 2020). Therefore, the enzyme’s catalytic reaction’s maximal rate decreases while the 

substrate’s affinity to the enzyme stays the same during non-competitive inhibition; the data 

set on a Lineweaver-Burk plot’s exhibits a decreased Vmax and an unchanged Km (Robinson, 

2015). 

 In an un-competitive inhibition scenario, the inhibitor binds onto the enzyme-substrate 

complex directly resulting in a cessation of the complex’s activity. As the enzymatic activity 

is reduced, an increase of the substrate’s concentration is expected (Ramsay & Tipton, 2017). 

An important characteristic of un-competitive inhibition is that as the inhibitor only binds onto 

the enzyme-substrate complex, and the affinity of the substrate for the enzyme remains 

unchanged; the Lineweaver-Burk plot illustrating un-competitive inhibition exhibits a 

decreased Vmax and Km (Strelow et al., 2012).  

 Mixed-mode inhibition occurs through different scenarios: competitive-uncompetitive 

or competitive-non-competitive inhibition. In the first scenario, the mixed-mode inhibitor is 

able to bind to both the enzyme, and the enzyme substrate complex which decreases enzyme’s 

affinity towards the substrate and increases the enzyme’s affinity towards the inhibitor. In the 

second scenario, the mixed-mode inhibitor binds onto the allosteric site of the enzyme, which 

results in a conformation change (Cortes et al., 2001). Mixed-mode inhibitors are potent 

compared to other types of reversible inhibitors (Deodhar et al., 2020). The Lineweaver-Burk 

plot illustrating mixed-mode inhibition exhibits a decreased Vmax and an increased Km (Ring et 

al., 2014).  
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1.3.3.2 Irreversible Inhibition  

 Irreversible inhibition is also known as mechanism-based inhibition. An irreversible 

inhibitor forms a covalent bond with the targeted enzyme, which results in permanent 

inactivation of the enzyme; the covalent bond forms between the functional group of the 

inhibitor and a nucleophilic amino acid residue of the enzyme. The sole solution to overcome 

the irreversible inhibition of an enzyme is to generate new enzymes. Mechanism-based 

inhibition is dependent on three factors: time, concentration of inhibitor, and the presence of 

NADPH (Deodhar et al., 2020; Mohutsky & Hall, 2014).  

1.3.4 Investigation of Inhibitory Effects of NPs on CYP Isozymes  

 Several in vivo and in vitro studies have been conducted to investigate the outcome of 

the interaction between CYP isozymes and various types of NPs (Pan et al., 2019). 

 A study conducted in 2008 investigated the relationship between spherical shaped 

AuNPs (9 nm) and AgNPs (15 nm) with CYP1A2, CYP2C9, CYP2C19, and CYP3A4. CYP 

isozymes were isolated from male WISTAR albino rate slices. Of the two metal NPs, AgNPs 

demonstrated stronger inhibitory potential towards the tested CYP isozymes compared to 

AuNPs (Sereemaspun et al., 2008). In Lamb’s 2010 study, human liver microsomes were 

incubated with AgNPs at a concentration range of 0 µM to 70 µM. Based on the results, AgNPs 

were able to inhibit the metabolic activity of the following drug metabolizing isozymes: 

CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and CYP3A4. Of the 

isozymes inhibited, CYP2C9, CYP2C19, and CYP3A4 were strongly inhibited as the 

interaction yielded half maximal inhibitory concentration (IC50) values of less than 10 µg/mL 

(Lamb et al., 2010). In a 2011 study, similar results were achieved by Warisnoicharoen. 

Spherical shaped AgNPs (~12.42 nm) were introduced to CYP isozymes sourced from 

baculovirus-infected cells at a concentration range of 10 µM to 80 µM. These AgNPs were 

able to inhibit CYP1A2, CYP2C9, CYP2C19, and CYP3A4’s activity with IC50 values of 43.51 

µM, 26.46 µM, 14.31 µM, and 13.52 µM respectively; AgNPs were categorized as moderate 

inhibitors of these isozymes (Warisnoicharoen et al., 2011).  

 TiO2NPs were used in an in vitro study conducted by Yang in 2017. These NPs had 

surface areas ranging from 35-65 m2/mg and an average size of 21 nm. CYP isozymes 

(CYP2B10, CYP2C37, CYP2C39, CYP3A11, CYP7A1, CYP8B1, and CYP2C37) were 

sourced from male C57/BLG mice. A concentration range of 5 mg/kg/day to 150 mg/kg/day 

was introduced orally for 14 days. Expression of the hepatic CYP2B10 and CYP2C37 genes 
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were upregulated by 4-folds and 20-folds respectively. However no significant changes were 

observed in the gene expression of CYP3A11 and CYP2C39 (Yang et al., 2017).  

 Silica nanoparticles (SNPs) was used in an in vitro study to investigate the effect of the 

NPs on CYP3A4’s activity using human liver microsomes and HepG2 cells. 20 nm, 70 nm, 

300 nm, and 1000 nm sized SNPs were used, and the mean particle size ranged from 36.8 nm 

to 1253.3 nm in water, and 84.9 nm and 1083.8 nm in medium. Based on the IC50 values yielded 

in the human liver microsome test, the smaller sized SNPs exhibited stronger inhibitory 

potential on CYP3A4 when compared to the larger sized SNPs. Similar results were yielded 

from the HepG2 assay. Surface modifications of SNPs played a crucial role in the variation of 

their inhibitory potential towards CYP3A4’s activity (Imai et al., 2014). 

1.4 Problem Statement and Research Gap  

The existing literature suggests that NPs can impact various biological factors. In regard 

to the toxicity exhibited towards C. elegans, several types of NPs were able to alter the 

reproductive capacity, pharyngeal pumping rate, and lifespan of the nematode. Furthermore, 

notable variations were noted in the expression of several genes in the nematode. Additionally, 

various NPs were able to inhibit the activity of the drug metabolising CYP isozymes, which 

causes the potential increased propensity of adverse side effects and potential toxicity. Despite 

the prevalent use of ZnONPs in various industries and the established detrimental relationship 

between NPs, and C. elegans and CYP isozymes, there is a lack of research on the size-

dependent toxicity potential and inhibitory potential of ZnONPs on C. elegans and CYP 

isozymes respectively. As the nematode shares a large portion of its genome with humans, and 

CYP isozymes play a vital role in human drug metabolism, both sets of data are vital to further 

investigate the potential adverse effects of ZnONPs on human health.  

1.5 Scope of Research Project 

 Whilst the disadvantageous relationship between other types of NPs, and C. elegans 

and CYP isozymes has been well documented, the size-dependent toxicity of ZnO particles on 

C. elegans and inhibitory potential on CYP isozymes is poorly understood. The aim of this 

research project was to report on the size-dependent effect of ZnO particle exposure on C. 

elegans and CYP isozymes.  

 The scope of this study involved the use of zinc oxide nanoparticles <50 nm 

(ZnONP50), zinc oxide nanoparticles <100 nm (ZnONP100), and zinc oxide bulk particles 

(ZnOBP), to understand the size-dependent effect of ZnO particles on the reproductive capacity, 

pharyngeal pumping rate, and lifespan of N2, on the expression of the nematodes’ cep-1, pmk-
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1, and tba-1 genes, and lastly on the metabolic activity of CYP1A2, CYP2A6, CYP2B6, 

CYP2C8, CYP2E1, CYP2J2, and CYP3A5.  

1.6 Objectives of Research Project 

The objectives for this research project were as follows: 

1) Assess the size range, and purity of each type of ZnO particle (ZnONP50, ZnONP100, 

and ZnOBP) tested 

2) Investigate the size-dependent toxicological effect of ZnO particles on the reproductive 

capacity, pharyngeal pumping rate, and lifespan of N2 

3) Evaluate the size-dependent gene expression variance of the cep-1 and pmk-1 genes 

under ZnO particles exposure 

4) Determine the size-dependent inhibitory effect of ZnO particles on CYP1A2, CYP2A6, 

CYP2B6, CYP2C8, CYP2E1, CYP2J2, and CYP3A5 

5) Identify the mode of inhibition of each type of ZnO particles on the relevant CYP 

isozymes  

1.7 Hypothesis of Research Project  

 Based on the literature review conducted, it was hypothesized that size-dependent 

toxicological and inhibitory potential will be observed towards C. elegans and CYP isozymes 

respectively.   
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Chapter 2: Characterisation of ZnO Particles 

2.1 Background  

The physicochemical properties, including size, shape, and elemental composition, of 

ZnONP50, ZnONP100, and ZnOBP used in this research project need to be determined prior 

to subsequent down-stream usage. Insights into the physical and chemical properties of ZnO 

particles can be gained by characterising them, which is essential for designing experiments 

and predicting their behaviour in different systems. Additionally, the purity of the ZnO 

particles needs to be evaluated to ensure reliability and reproducibility of experimental 

results, which may be significantly impacted by unwanted contaminants. Field emission 

electron microscopy (FESEM) and energy dispersive X-ray elemental analysis (EDX) have 

several benefits when compared to other methods of characterisation, such as UV-visible 

spectroscopy, dynamic light scattering, and dark field microscopy, including high-resolution 

imaging, non-destructive analysis, real-time analysis, and quantitative analysis. Thus, 

FESEM and EDX were chosen to characterise the ZnO particles used in this research project. 

FESEM is able to provide accurate representation of physical features and elemental 

evidence in three-dimension at a range of 10X to 300,000X magnification, with extensive depth. 

In comparison with conventional scanning electron microscopy, images with clear distinction 

and less contortion with resolutions of 1.5 nm are possible using FESEM. Additionally, 

FESEM allows users to obtain high-quality images with minimal voltage, as minimal electrical 

charging of samples is required (Panessa-Warren et al., 2007). FESEM does not require 

insulating materials to be coated with conducting materials (Zheng et al., 2017). The working 

principle is as follows. The field emission gun frees low-energy and high-energy electrons in 

an electric field gradient within the high vacuum column; the electronic lenses within focuses 

and deflects the primary electrons which produces a narrow scan beam, allowing the sample to 

be blasted by electrons. The sample emits secondary electrons, whose angle and velocity are 

dependent on the sample’s surface structure. A detector within the instrument is able to capture 

the secondary electrons and to subsequently produce electrical signals. The electrical signals 

are amplified and translated into a video scan, which is projected onto the monitor as an image 

(Mayeen et al., 2018).  

The elemental analysis technique, EDX, is linked to electron microscopy. It is based on 

the establishment of characteristic X-rays which discloses the presence of various elements 

within the tested sample. It allows researchers to identify the elemental composition of the 

sample, and the information provided can be categorised as both qualitative and quantitative 
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(Goriuc et al., 2021). Users are able to gain information regarding the type of elements present 

within the sample, and the percentage of each element’s presence within the sample. 

Additionally, it provides a spatial distribution of elements via mapping. Similar to FESEM, 

EDX requires minimal to no preparation of samples, and it is non-destructive, which prevents 

damage to limited sample availability (Wyroba et al., 2015). The working principle is as 

follows: The sample is projected onto by an electron beam, which emits several X-rays. The 

energy associated with these X-rays are unique to specific elements. The built-in silicon drift 

detector collects the emitted X-rays and interprets it via the software. The data is presented in 

several ways including elemental mapping (Scimeca et al., 2018).   

This chapter of the research project presents the characterization of the ZnO particles 

(ZnONP50, ZnONP100, and ZnOBP) utilised in this study using FESEM and EDX.  
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2.2 Methodology 

2.2.1 Materials and Reagents 

ZnONP50, ZnONP100, and ZnOBP were acquired from Sigma Aldrich (St Louis, 

Missouri, USA). Analytical grade dimethyl sulfoxide (DMSO) was procured from Nacalai 

Tesque (Kyoto, Japan). 

2.2.2 ZnO Particles’ Characterization  

ZnO particles were imaged using FESEM (Fei Quanta 400F). ZnO particles were 

prepared by being adhered to carbon-based double-sided tape and were affixed onto an electron 

microscope stub. High resolution secondary electron images were acquired at ranges between 

50,000X to 240,000X with the in-lens detector’s speed set at 20.00 kV. The imaging conditions 

were as follows: working distance was set between 10.0-10.3 mm, and the aperture size was 

set between 2 µm - 500 nm. Additionally, EDX (Oxford-Instruments INCA 400 with X-Max 

Detector) was used to derive the elemental maps of all three sizes of ZnO particles. Elemental 

composition in terms of carbon, oxygen, zinc, and aluminum were measured. The X-ray 

detectors’ tilt, elevation, and azimuth degree for all ZnO particles were set at 0.0°, 35.0°, and 

0.0° respectively. The accelerating voltage of the beam was kept consistent at 20.00 kV.  
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2.3 Results and Discussion  

ZnOBP  

FESEM Image (A1) FESEM Image (A2) 

  

Element Composition (B)  

 

Figure 2.1. ZnOBPs’ A1) shape, A2) size characterisation under FESEM (magnification: 50X-120X) 

and B) EDX analysis of elemental composition. Red lines indicate the dimensions measured under 

FESEM, and the measurements are denoted in green. ZnOBP Zinc oxide bulk particles, FESEM Field 

emission scanning electron microscopy, EDX energy dispersive X-ray spectroscopy, cts counts, keV 
kilo-electron volts.  
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ZnONP100   

FESEM Image (A1) FESEM Image (A2) 

  

Element Composition (B)  

 

Figure 2.2. ZnONP100’ A1) shape, A2) size characterisation under FESEM (magnification: 120X-

240X) and B) EDX analysis of elemental composition. Red lines indicate the dimensions measured 

under FESEM, and the measurements are denoted in green. ZnONP100 Zinc oxide nanoparticles <100 

nm, FESEM Field emission scanning electron microscopy, EDX Energy dispersive X-ray 
spectroscopy, cts counts, keV kilo-electron volts. 
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ZnONP50   

FESEM Image (A1) FESEM Image (A2) 

  

Element Composition (B)  

 

Figure 2.3. ZnONP50’ A1) shape, A2) size characterisation under FESEM (magnification: 120X-

200X) and B) EDX analysis of elemental composition. Red lines indicate the dimensions measured 

under FESEM, and the measurements are denoted in green. ZnONP50 Zinc oxide nanoparticles <50 

nm, FESEM Field emission scanning electron microscopy, EDX Energy dispersive X-ray 

spectroscopy cts counts, keV kilo-electron volts. 
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Based on Figure 2.1 A1 and A2, ZnOBP did not have a uniform shape, and the particles’ 

size ranged between 119.9 nm to 259.8 nm. The elemental analysis conducted showed a 

presence of 20.72% of carbon, 23.52% of oxygen, and 55.76% of zinc. The analysis was 

confirmed by elemental mapping, as shown in Figure 2.1B, where signal peaks are visible for 

carbon, oxygen, and zinc at 0.3, 0.5, and 1.0, 8.6, 9.8 keV respectively.  In reference to Figure 

2.2 A1 and A2, ZnONP100 mostly had a cylindrical shape, and the NPs’ size ranged between 

43.13 nm to 94.11 nm. The elemental analysis conducted showed a presence of 8.53% of 

carbon, 16.06% of oxygen, and 75.41% of zinc. The analysis was confirmed by elemental 

mapping, as shown in Figure 2.2B, where signal peaks are visible for carbon, oxygen, and zinc 

at 0.3, 0.5, and 1.0, 8.6, 9.6 keV respectively. The multiple peaks are known absorptions of 

ZnONPs (S et al., 2017). Appertaining to Figure 2.3 A1 and A2, ZnONP50’ shape was not 

fully defined due to the aggregation under the microscope, however, the NP’s size ranged 

between 38.59 nm and 50.24 nm. The elemental analysis conducted showed a presence of 

2.50% of aluminium, 7.17% of carbon, 25.19% of oxygen, and 65.14% of zinc. The analysis 

was confirmed by elemental mapping, as shown in Figure 2.3B, where signal peaks are visible 

for carbon, oxygen, aluminium, and zinc at 0.3, 0.5, 1.5, and 1.0, 8.6, 9.8 keV respectively. 

Multiple signal speaks across all sizes of ZnO particles are known absorptions of ZnO particles, 

including the presence of aluminium (Akhtar et al., 2015; S et al., 2017). 

The absence of unwanted peaks allowed the confirmation of ZnON50, ZnONP100, and 

ZnOBP’s purity. 
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 The properties of NPs differ from their bulk particles (BPs) counterparts owing to their 

size, and their surface area to volume ratio. The physicochemical properties of NPs play 

influential roles in their behaviour, bio-distribution, and toxicological effects (Zhang et al., 

2016). Size and chemical composition are vital factors which contribute to NPs’ toxicity (Wang 

et al., 2016). As a point of comparison, to investigate the size-dependent toxicity and inhibitory 

potential of ZnONPs, ZnOBP were utilised in this study.  

The ZnOBP tested in this study had an average particle size of 191.05 nm ± 57.19 nm 

(n=4), which by definition categorises these particles as bulk-sized rather than nano-sized. 

ZnONP100’s average particle size was 68.14 nm ± 21.23 nm (n=4) and ZnONP50’s average 

particle size was 44.96 nm ± 5.94 nm (n=4), which are in agreement with the definition of a 

NP’s size description (Jeevanandam et al., 2018). Additionally, the absence of any unwanted 

elements within all three sized ZnO particles allowed the confirmation of the particles’ 

compositional purity (Kumar et al., 2013). 

As this research project focused on the size-dependent toxicological and inhibitory 

potential of ZnO particles, a primary limitation needs to be addressed in future studies to 

improve the reproducibility of the results reported and to improve the understanding of the 

toxicological and inhibitory properties of ZnO particles. While this study employed ZnONPs 

of sizes less than 50 nm and 100 nm, it is recommended that future studies should incorporate 

both specific and various sizes of ZnONPs to obtain more comprehensive knowledge.  

 

2.4 Conclusion  

 Through the use of FESEM and EDX, purity and size of all three sizes of ZnO particles 

were confirmed. Thus, this research project was able to proceed with investigating the size-

dependent toxicological and inhibitory potential of three different sized ZnO particles.  
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Chapter 3: Toxicological Effects of Various Sized Zinc Oxide Particles on 

Caenorhabditis elegans 

3.1 Background  

C. elegans were introduced to the research community in the 1960s by Sydney Brenner, 

and N2 has since been defined as the canonical wild type (Nigon & Felix, 2017). These specific 

nematodes are ecologically significant as they are abundant in soils and in sediments rich with 

decomposing plant materials. Thus, N2 are widely used as in vivo models for eco-toxicological 

assays (Berg et al., 2016). The use of N2 over deletion mutants and transgenic strains of C. 

elegans and other invertebrate models offers researchers vital advantages (Ha et al., 2022). As 

N2 are hermaphrodites and have a short reproductive cycle, fast and efficient generation of 

large, isogenic, and age-synchronised progeny populations is possible (Johnson, 2003). The 

anatomy, genetic makeup, and the neuronal connectivity of N2 is fully mapped; 80% of N2 

genes are orthologs to human genes, which provides significant translational potential of 

findings (Zhang et al., 2020). N2 is able to produce an average progeny of 220 or more 

offspring within the strain’s entire lifespan, which is beneficial to investigate its reproduction 

capacity post-exposure to xenobiotics (Meneely et al., 2019). However, the large progeny 

constitutes as a hurdle while investigating the toxicological effect of xenobiotics on the 

nematode’s pharyngeal pumping rate and the average lifespan within a singular generation.  

 To overcome this issue, the DNA synthesis inhibitor, 5-fluorodeoxyuridine (FUDR), is 

used to prevent the production of progeny while investigating the effect of xenobiotics 

exposure within a singular generation of N2 (McIntyre et al., 2021). As all cells in an adult N2 

are post-mitotic, researchers assumed that the compound did not elicit any unwanted 

physiological effects on the adult nematode (Raices et al., 2005). Studies requiring sterile N2 

have applied FUDR at concentrations ranging from 50 to 200 µg/mL. However, studies have 

established that the introduction of FUDR at premature stages and at high concentrations 

yielded unwanted side-effects: increase in the average lifespan and unexpected progeny 

production (Saul et al., 2021). Recent studies have demonstrated and concluded that 

supplementation of FUDR at lower concentrations (10 to 50 μM) on L4 nematodes produced 

negligible effect on the lifespan and behaviour of the treated worms, while the targeted sterility 

was achieved (Wang et al., 2019).  

This chapter of the research project presents the evaluation of the size-dependent 

toxicological effects of ZnONP50, ZnONP100, and ZnOBP on C. elegans’ sublethal endpoints: 

reproduction capacity, pharyngeal pumping rate, and lifespan. Additionally, analysis of 
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alterations in the expression of the cep-1 and pmk-1 genes is presented to elicit a plausible 

mechanism of toxicity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  36 

3.2 Methodology  

3.2.1 Materials and Reagents  

DMSO and sodium hydroxide (NaOH) were procured from Nacalai Tesque (Kyoto, 

Japan). Ampicillin sodium salt and streptomycin sulfate salt were obtained from Sigma-Aldrich 

(St. Louis, Missouri, USA). Carbenicillin sodium salt was acquired from Fisher Bioreagents 

(Loughborough, Leicestershire, UK). FUDR was purchased from Thermo Scientific (Heysham, 

Lancashire, UK). Isopropyl -d-1-thiogalactopyranoside (IPTG) was procured from Thermo 

Scientific (Italy). Bacteriological agar, bacteriological peptone, calcium chloride (CaCl2), di-

potassium hydrogen phosphate (K2HPO4) and potassium dihydrogen phosphate (KH2PO4) 

were acquired from Friendmann Schmidt Chemical (Parkwood, Western Australia, Australia).  

Lysogeny broth (LB) agar and LB broth were acquired from Merck (Darmstadt, Germany). 

Cholesterol was purchased from Solarbio (Beijing, China). Magnesium sulfate (MgSO4) was 

procured from Sime Scientific (Petaling Jaya, Selangor, Malaysia). Sodium chloride (NaCl) 

was obtained from Vivantis (Shah Alam, Selangor, Malaysia). 30 mm, 60 mm, and 90 mm 

sterile petri dishes were purchased from NEST Scientific (Woodbridge, New Jersey, USA). N2 

were provided by the Caenorhabditis Genetics Center (CGC), under the University of 

Minnesota.  

3.2.2 Preparation of ZnO Particles  

The following concentration range of ZnONP50, ZnONP100, and ZnOBP was chosen 

as the testing concentrations for the reproductive capacity, pharyngeal pumping rate, and 

lifespan assays: 0, 1, 10, 100, and 1000 g/mL. Respective stock solutions were prepared using 

DMSO as the solvent and were sonicated for use as per Table 3.1. An increased sonication 

period was required for higher testing concentrations to ensure proper dispersion.  
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Table 3.1. Concentration and sonication specifications for ZnO particle. ZnO zinc oxide.  

ZnO Particle Testing Concentration 

(g/mL) 

Stock Solution 

Concentration 

(mg/mL) 

Sonication (Time & 

Temperature) 

ZnONP50 Negative Control -  - 

Vehicle Control 0  - 

1 0.1 30 minutes, 30°C 

10 1 30 minutes, 30°C 

100 10 60 minutes, 30°C 

1000 100 60 minutes, 30°C 

ZnONP100 Negative Control - - 

Vehicle Control 0  - 

1 0.1 30 minutes, 30°C 

10 1 30 minutes, 30°C 

100 10 60 minutes, 30°C 

1000 100 60 minutes, 30°C 

ZnOBP Negative Control - - 

Vehicle Control 0  - 

1 0.1 30 minutes, 30°C 

10 1 30 minutes, 30°C 

100 10 60 minutes, 30°C 

1000 100 60 minutes, 30°C 

 

3.2.3 Solution Preparation  

 All solution used for maintenance and assays purposes were prepared according to 

Table A.3.1 in the Appendix. CaCl2, MgSO4, and KPO4 were autoclaved prior to use. 

Streptomycin, carbenicillin, ampicillin, cholesterol, and IPTG solutions were filtered using 

polytetrafluoroethylene (PTFE) membrane (0.22 m pore size) to ensure sterility. All prepared 

solutions were stored at 4C for future use.  
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3.2.4 Selection of Optimal FUDR Concentration 

FUDR and ampicillin were chosen as the method to eliminate progeny production from 

synchronous populations when required. A concentration range of FUDR was tested to 

determine the optimal concentration: 5, 10, 15, 20, and 25 M. 15 N2 adults were transferred 

onto a nematode growth medium (NGM) agar plate, without FUDR and ampicillin, and were 

incubated until a sufficient number of eggs were laid. The adult N2 nematodes were removed, 

and the eggs were allowed to hatch and develop until L4. Five of these L4 nematodes were 

transferred onto NGM plates containing ampicillin (100 mg/mL) and FUDR at different 

concentrations. The following parameters were observed and tabulated for 30 days: number of 

eggs laid, number of viable progenies, and the average lifespan. NGM plates were incubated 

at 16°C throughout the entire duration. Triplicates were performed.  

3.2.5 Agar Preparation  

3.2.5.1 Nematode Growth Medium (NGM) Agar  

NGM agar was prepared for the maintenance of N2 and for all toxicological behavioral 

assays; 9 mm and 6 mm petri dishes were used for culturing and maintenance purposes, and 3 

mm plates were used for the assays.  

The concentration of the NGM agar’s components per 100 mL of water have been 

summarised under Table A.3.2 in the Appendix. Majority of the constituents remained constant 

for all purposes, while certain constituents were altered according to specific needs.  

3.2.5.2 Lysogeny Broth (LB) Agar 

LB agar was prepared on 9 mm petri dishes to culture E. coli OP50, which served as 

the bacterial food source for N2. The concentration of the LB agar’s components per 100mL 

of water have been summarised in Table A.3.3 in the Appendix.  

3.2.6 Bacterial Food Source Preparation  

As NGM agar medium contains a negligible amount of uracil, E. coli OP50 was chosen 

as the bacterial food source for all maintenance and assay purposes; due to its uracil auxotroph 

characteristic, E. coli OP50 is not able to cultivate into a thick layer and obscure the observation 

of the nematodes (Macneil & Walhout, 2013).  

2.0 g of LB broth powder per 100 mL of water was autoclaved, and 100 L of 100 

mg/mL of streptomycin and E. coli OP50 cryostock were added post-autoclave in proportion. 

The solution was incubated overnight (180 rpm, 37°C), and then centrifuged (30 minutes, 4000 

rpm, 4C). The E. coli OP50 pellet was resuspended using fresh LB broth. E. coli OP50 was 

seeded directly onto 60 mm maintenance plates (300 L/plate), but was heat-killed (30 minutes, 



 

  39 

80°C) and combined with ZnO particles as per Table 3.1 prior to being seeded onto 30 mm 

assay plates (50 L/plate).  

3.2.7 Age Synchronisation Procedure  

To achieve age synchronised N2, a process termed ‘egg preparation’ was conducted 

from NGM agar plates filled with eggs and gravid L4 nematodes. The plates were washed with 

water to retrieve the eggs and nematodes, and they were both combined with lysis buffer. The 

lysis buffer was prepared as per Table A.3.4 in the Appendix. The combined solution was 

vortexed until homogenised, and then centrifuged (1 minute, 2000 rpm, 16C). The supernatant 

was poured out, fresh water was added to the egg pellet, and the solution was centrifuged again. 

The cycle was repeated until the supernatant was clear. The egg pellet was then seeded around 

the E. coli OP50 lawn on NGM plates, and was left to incubate at 16°C.  

3.2.8 Cryopreservation  

3.2.8.1 E. coli OP50 

Overnight cultured E. coli OP50 solution was prepared as described in Section 3.2.6. 

The overnight culture and freezing solution were combined at a ratio of 7:3 and was stored at 

-80°C for future use. The freezing solution was prepared as per Table A.3.5 in the Appendix. 

LB agar plates were streaked with cryopreserved E. coli OP50 regularly to ensure the stocks’ 

viability.  

3.2.8.2 N2 

After the age synchronization procedure (Section 3.2.7), the progeny was 

cryopreserved, if necessary, at L1. The nematodes were washed off the plate using water, and 

the solution was combined with the freezing solution at a ratio of 7:3. The freezing solution 

was prepared as per Table A.3.5 in the Appendix. The final solution was stored at 4°C for 2-3 

hours, before being stored at -80°C for future use. To assess the viability of cryopreserved N2, 

the cryostocks were thawed at room temperature and dispensed onto NGM plates to observe 

the nematodes’ motility.  

3.2.9 Reproductive Capacity Assay  

Reproductive capacity assay plates were prepared according to Table A.3.2 in the 

Appendix, E. coli OP50 lawn was prepared as per Section 3.2.6, and ZnO particles were 

introduced according to Table 3.1. Three biological replicates were conducted per ZnO particle 

type at 16°C; three assay plates were prepared per ZnO particle concentration, totaling to 

eighteen plates per biological replicate conducted.  
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Age synchronisation procedure was conducted to yield a synchronised-aged population. 

Five L4 N2 were transferred onto the first assay plates of each concentration. At the 48-hours’ 

time point, the L4 nematodes were transferred from the first set of assay plates to the respective 

second plates. At the 72-hours’ time point, the L4 N2 were transferred from the second set of 

assay plates onto the respective third and final set. 

All plates were incubated at 16°C and the plates containing laid/hatched eggs were left 

to incubate for 48 hours until respective counting days. This marked the end of one biological 

replicate. 

3.2.10 Pharyngeal Pumping Rate Assay  

Pharyngeal pumping rate assay plates were prepared according to Table A.3.2 in the 

Appendix, E. coli OP50 lawn was prepared as per Section 3.2.6, and ZnO particles were 

introduced according to Table 3.1. Three biological replicates, inclusive of three technical 

replicates, were performed per ZnO particle type at 16°C. For each biological replicate, three 

assay plates were prepared per ZnO particle concentration, totaling to eighteen plates per 

biological replicate conducted.  

Fifteen fertile L4 N2 were transferred onto NGM plates, without FUDR and ampicillin, 

and were incubated until a sufficient number of eggs were laid. The L4 nematodes were 

removed, and the eggs were left to hatch and develop until L4 larva stage. Five L4 nematodes 

were transferred onto NGM assay plates containing FUDR and ampicillin for 24 hours, prior 

to the adult nematodes being transferred to NGM plates containing FUDR, ampicillin, and ZnO 

particle.  

The pharyngeal pumping rate of each adult nematode was recorded for five seconds 

post-exposure to the ZnO particle at 4, 24, 48, 72, and 96 hours. This marked the end of one 

biological replicate.  

3.2.11 Lifespan Assay  

Lifespan assay plates were prepared according to Table A.3.2 in the Appendix, E. coli 

OP50 lawn was prepared as per Section 3.2.6, and ZnO particles were introduced according to 

Table 3.1. Three biological replicates, inclusive of three technical replicates, were performed 

per ZnO particle type at 16°C. For each biological replicate, three assay plates were prepared 

per ZnO particle concentration, totaling to eighteen plates per biological replicate conducted.  

Fifteen fertile L4 N2 were transferred onto NGM plates, without FUDR and ampicillin, 

and were incubated until a sufficient number of eggs were laid. The L4 nematodes were 

removed, and the eggs were left to hatch and develop until L4. Thirty L4-larvae were 



 

  41 

transferred onto NGM assay plates containing FUDR and ampicillin for 24 hours, prior to the 

adult nematodes being transferred to NGM plates containing FUDR, ampicillin, and ZnO 

particle.  

Number of alive and dead N2 were scored daily until all nematodes on each plate 

perished. This marked the end of one biological replicate.  

3.2.12 Sample Preparation for Gene Expression Study  

To achieve age synchronised N2, egg preparation was conducted as per Section 3.2.7. 

The NGM plates were incubated until the progeny reached L4. The nematodes were then 

washed off with water and seeded onto ZnO particle treated NGM plates (100 µg/mL). N2 

were exposed to ZnO particles (ZnONP50, ZnONP100, ZnOBP) using a chronic-exposure 

method for 72 hours. Post-chronic exposure, the nematodes were washed off the treated plates 

using M9 buffer, which was prepared according to Table A.3.6 in the Appendix. The nematode-

M9 buffer solution was centrifuged (1 minute, 2000 rpm, 16C). The supernatant was removed, 

and fresh M9 buffer was added to the nematode pellet. This procedure was repeated until the 

discarded supernatant was clear. 1000 L of TRIzolTM reagent was added per nematode pellet 

prepared. 

3.2.13 Ribonucleic Acid (RNA) Extraction  

 Ribonucleic acid (RNA) extraction from the treated N2 pellets was conducted using 

TRIzolTM reagent. The samples were vortexed thoroughly and resuspended. 100 L of 

chloroform was added per 500 L of nematode sample to conduct chloroform extraction. The 

solution was inverted and placed at room temperature for 3 minutes to allow phase separation 

to occur before centrifugation (15 minutes, 12000 rpm, 4C). The RNA, isolated within the 

aqueous phase, was transferred to a new tube and mixed with 500 L of isopropanol to 

precipitate the RNA. The solution was inverted and placed at room temperature for 10 minutes 

prior to centrifugation (10 minutes, 12000 rpm, 4C). The supernatant was removed, and 500 

L of 75% ethanol was added to the RNA pellet to remove the remaining traces of TRIzolTM 

reagent and other contaminants. The solution was centrifuged (5 minutes, 7500 rpm, 4C), and 

the supernatant was removed. The RNA pellet was placed on ice for 5 minutes and then 

suspended in 20 L of RNase-free water afterwards. The RNA sample was incubated at 55C 

for 15 minutes to allow the RNA pellet to dissolve completely within the RNase-free water. 

NanoDropTM One Microvolume UV-Vis Spectrophotometer was used to check the purity and 

concentration of the extracted RNA. RNase-free water served as the blank. Required 

concentration of the extracted RNA was benchmarked at 1000 ng/L or above for all samples. 
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The A260/A280 and A260/A230 ratios were required to be within the 2.0 to 2.5 range to 

confirm the purity and quality of RNA. Extracted RNA was stored at -80C for future 

downstream use. Triplicates were performed.  

3.2.14 Complementary Deoxyribonucleic Acid (cDNA) Synthesis  

ProtoScript II First Strand cDNA Synthesis Kit from BioLabs Inc was used to 

convert the extracted RNA into complementary deoxyribonucleic acid (cDNA) using the 

manufacturer’s suggested protocol (BioLabs, 2023). 20 L reactions were prepared according 

to Table A.3.7 in the Appendix, and the Bio-Rad T100 Thermal Cycler was used to generate 

the cDNA. The temperature and time settings for the thermal cycler were set according to Table 

A.3.8 in the Appendix. The synthesised cDNA product was stored at -20C for future 

downstream use. Triplicates were performed.  

3.2.15 Primer Design and Polymerase Chain Reaction  

NetPrimer by PREMIER Biosoft and Primer-BLAST by National Center for 

Biotechnology Information were used to design and evaluate the forward and reverse primer 

sequences for each gene studied in this research project.  

The following were set as requirements for the selection of primer pairs: 

1) Polymerase chain reaction (PCR) product size should be between 100 to 300 base pairs 

(bp). 

2) Primer length should be between 18 to 22 nucleotides. 

3) GC% content of each primer should be between 50 to 60%. 

4) Melting temperature of the primers should be between 59C to 65C, and within 2C 

of each other. 

5) Self-complementarity and self 3’-complementarity scores between the forward and 

reverse primers should be low.  

6) The primer pair must be specific to the target gene.  

Based on these conditions, the primers were designed and procured from Integrated 

DNA Technologies. Primers were diluted to 10 M using nuclease-free water. PCR reactions 

for ZnO particles and the respective gene pairings were performed using the BIOTAQTM DNA 

Polymerase from BIOLINE. PCR reactions of 20 L were prepared according to Table A.3.9 

in the Appendix, as per the manufacturer’s suggested protocol (BioScience, n.d.). Bio-Rad 

T100 Thermal Cycler’s parameters were set up according to Table A.3.10 in the Appendix, for 

35 cycles for the cep-1, pmk-1, and tba-1 genes. Once the PCR reactions were complete, the 

PCR products were stored at -20C for future downstream use.  
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3.2.16 Gel Electrophoresis, and Gel Imaging 

50 mL of 1X Tris-acetate-EDTA (TAE) buffer was mixed with 1 g of molecular 

biology-grade agarose to yield a 2% agarose mixture. The mixture was heated to ensure 

complete homogenisation and 1.5 L of SYBR Safe DNA Gel Stain was added prior to casting 

the gel. Once the gel solidified, it was submerged in 1X TAE buffer in the electrophoresis tank. 

3 L of 100 bp DNA ladder, and 5 L of PCR products mixed with 1L of 6X DNA loading 

dye were loaded into their respective wells. The power supply’s parameters were set 

accordingly: 100 V, 400 mA, and 35 minutes. Once the run was complete, the Biorad Gel Doc 

XR+ Imaging System was used to visualise the gel. Intense bands were visualised at an 

exposure time of 0.50 seconds. Triplicates were performed.  

3.2.17 Data Analysis  

3.2.17.1 Reproductive Capacity Assay and Pharyngeal Pumping Rate Assay 

Once all three biological replicates were completed, a bar chart was derived for each 

ZnO particle as the average number of progeny against time (hours), and pharyngeal pumping 

rate (contractions/5 seconds) against time (hours) for the reproductive assay and pharyngeal 

pumping rate assay respectively.  

GraphPad Prism Version 9.4.1 for Mac (GraphPad Software, La Jolla California, USA) 

was used to run ‘two-way analysis of variance’ (two-way ANOVA) for the statistical analysis 

of the reproductive capacity assay and pharyngeal pumping rate assay. Two-way ANOVA and 

Holm-Šídák's multiple comparison tests were first used to determine whether statistically 

significant difference (p<0.05) was present between the vehicle control and negative control 

data sets. Subsequently, the statistical tests were used to determine whether statistically 

significant difference (p<0.05) was present between the negative control and the tested ZnO 

particle’ concentration data sets. Concentration-dependent and size-dependent comparison was 

conducted to conclude (Sofela et al., 2021).  

3.2.17.2 Lifespan Assay 

Once all biological replicates were completed, the survival rate percentage for the 

nematodes were averaged, and the standard deviation was derived for each concentration.  

GraphPad Prism Version 9.4.1 for Mac (GraphPad Software, La Jolla California, USA) 

was used to run the statistical analysis for the lifespan assay. Kaplan-Meier curves, for all 

concentrations of each ZnO particle, were derived and plotted as probability of survival (%) 

against time (day). Log-rank (Mantel-Cox) and Grehan-Breslow-Wilcoxon tests were 

conducted as well to statistically compare the survival curve of each ZnO particles’ 
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concentration-treatment group to the survival curve of the control-treatment group (Park et al., 

2017).  

3.2.17.3 Gene Expression Study  

ImageJ (National Institute of Health, Bethesda, Maryland, USA) has been widely used 

to quantify the density of gene expression in agarose gels (Alonso Villela et al., 2020; Ciniselli 

et al., 2015; Ziraldo et al., 2019). In this research project, it was employed to quantify the 

intensity of the DNA fragment bands produced through gel electrophoresis to yield the 

quantified density of each band produced under the different ZnO particle treatments and the 

500 bp standard of the molecular-weight size marker. The 500 bp standard was utilised as an 

internal standard to normalize the variation between individual gels. Subsequently, the cep-1 

and pmk-1 bands’ density were normalised by dividing the reference gene, tba-1, bands’ 

density under the same respective conditions. Lastly, the fold changes in cep-1 and pmk-1’s 

expression under each ZnO particles’ treatment was quantified by dividing the untreated-group 

(control). A relative fold change of more than 1 indicated upregulation of the examined gene, 

and a relative fold change of less than 1 indicated downregulation of the examined gene. The 

mean and standard deviation of the three replicates were derived and were plotted as the relative 

fold change in the density of DNA fragments against the target genes (cep-1 and pmk-1). 
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3.3 Results and Discussion 

 3.3.1 Selection of Optimal FUDR Concentration  

The optimal concentration of FUDR to be used for the pharyngeal pumping rate and 

lifespan assays was determined by assessing three parameters: number of eggs laid, number of 

viable progeny, and alterations in the lifespan compared to the control-treatment group (0 M). 

Five L4 N2 were exposed to a range of FUDR concentrations (5 to 25 M) for 30 days, and 

the results have been tabulated in Table 3.2. 

As a large number of eggs were laid and a substantial number of viable progeny were 

generated by the N2 under the 5 M, 10 M, and the 15 M treatment groups, these FUDR 

concentrations were considered unsuitable for the intended assays, as the progeny would 

interfere with the data collection of a single generation. The 25 M treatment group yielded 

the smallest number of viable progeny, however, the average lifespan increased considerably 

compared to the control group. Based on the statistical test conducted, the survival curve for 

the 25 M treatment group yielded a p-value of <0.0001, compared to the control treatment 

group. Since the increased lifespan could bias the results during the lifespan assays, 25 M was 

ill-suited for the project. Thus, taking all the parameters into consideration, 20 M of FUDR 

was chosen as the optimal concentration for the subsequent pharyngeal pumping rate and 

lifespan assays. 

Table 3.2. Summary of FUDR Concentrations 30-Day Trial (n=3). FUDR 5-fluorodeoxyuridine. 

Concentration of 

FUDR 

Number of Eggs 

Laid  

Number of 

Viable Progeny  

Average Life 

Span  

(Days) 

p-value  

Control (0 M) 228 201 22.0 ± 0.71 - 

5 M 204 59 20.6 ± 0.89 0.1298  

10 M 198 41 22.2 ± 0.84 0.4350 

15 M 184 30 21.4 ± 1.52 0.2878 

 20 M 97 4 23.2 ± 0.84 0.0449 

25 M 84 3 28 ± 1.58 <0.0001 
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3.3.2 Reproduction Capacity of C. elegans Treated with Zinc Oxide Particles  

 

 

 

 

A) 

B) 
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Figure 3.1. Reproductive capacity of L4 N2 post-exposure to a concentration range of A) ZnONP50, 

B) ZnONP100, and C) ZnOBP (1, 10, 100, 1000 µg/mL) in combination with E. coli OP50 for 24-

hours, 48-hours, and 72-hours. DMSO, in combination with E. coli OP50, served as the vehicle 

control. E. coli OP50 served as the negative control. Three biological replicates were performed for 

each type of ZnO particle. Data is presented as the average number of progenies laid per parental 

nematode against time after exposure to the respective ZnO particle (hours). Each data point 

represents the mean ± SD (n=3). Asterisk (*) indicates statistically significant difference (p<0.05) 

with the control treatment group. L4 fourth-larval stage, N2 Bristol strain N2, ZnONP50 Zinc oxide 

nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk 

particles, E. coli OP50 Escherichia coli, DMSO dimethyl sulfoxide, ZnO zinc oxide. 

 

 The average number of progeny laid by five L4 N2 under exposure to a concentration 

range of various sized ZnO particles have been presented graphically in Figure 3.1A 

(ZnONP50), Figure 3.1B (ZnONP100), and Figure 3.1C (ZnOBP). The tabulated data from 

each figure has been presented in the Appendix: Table A.3.11 (ZnONP50), Table A.3.12 

(ZnONP100), and Table A.3.13 (ZnOBP). Statistical tests were conducted to confirm that the 

solvent, 1% DMSO, did not play a statistically significant role in altering the number of 

progeny during the assay’s complete duration: 24-hours (p=0.8371), 48-hours (p=0.6184), and 

72-hours (p=0.4749).  

 In comparison to their respective control-treatment groups, the total progeny production 

by N2 over 72 hours reduced by 76.04%, 78.9%, and 13.49% by the ZnONP50, ZnONP100, 

and ZnOBP-treatment groups respectively. Based on this information, ZnONP100 elicited the 

strongest toxicological impact on the reproduction capacity of N2, when compared to 

ZnONP50 and ZnOBP.  

C) 
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 Based on the statistical analysis conducted, concentration and duration of exposure of 

all three sizes of ZnO particles affected the reproduction capacity of N2 significantly 

(p<0.0001). The duration of exposure accounted for 52.53%, 48.02%, and 99.03% of the 

variance in results for ZnONP50, ZnONP100, and ZnOBP respectively in Figure 3.1.  

 In comparison to the control-treatment group, the number of progeny laid by the 

ZnONP50-treatment groups (Figure 3.1A) was significantly statistically different (p<0.0001) 

at the 24-hours (1000 g/mL), 48-hours (1000 g/mL, 100 g/mL, 10 g/mL, and 1 g/mL), 

and 72-hours (1000 g/mL, 100 g/mL, 10 g/mL, and 1 g/mL)’ time points. In terms of the 

difference in the number progeny laid by the ZnONP100-treatment groups and the control-

treatment group (Figure 3.1B), significant statistical difference (p<0.0001) was evident at the 

24-hours (1000 g/mL, and 100 g/mL), 48-hours (1000 g/mL, 100 g/mL, 10 g/mL, and 

1 g/mL), and 72-hours (1000 g/mL, 100 g/mL, 10 g/mL, and 1 g/mL)’ time points. In 

regards to the ZnOBP-treatment groups (Figure 3.1C), significant statistical difference 

(p<0.0001) with the control-treatment group was evident at the 48-hours (1000 g/mL, and 10 

g/mL), and 72-hours (1000 g/mL, 100 g/mL, 10 g/mL, and 1 g/mL)’ time points.  
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3.3.3 Pharyngeal Pumping Rate of C. elegans Treated with Zinc Oxide Particles 
 

 

 

 

A) 

B) 

C) 
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Figure 3.2. Pharyngeal pumping rate of L4 N2 post-exposure to a concentration range of A) 

ZnONP50, B) ZnONP100, and C) ZnOBP (1, 10, 100, 1000 µg/mL) in combination with E. coli 

OP50 for 4-hours, 24-hours, 48-hours, 72-hours, and 96-hours. DMSO, in combination with E. coli 
OP50, served as the vehicle control. E. coli OP50 served as the negative control. Three biological 

replicates, inclusive of three technical replicates, were performed for each size of ZnO particle. Data 

is presented as the average pharyngeal pumping rate (contraction per 5 seconds) against time after 

exposure (hours). Each data point represents the mean ± SD (n=3). Asterisk (*) indicates statistically 

significant difference (p<0.05) with the control treatment group. L4 fourth-larval stage, N2 Bristol 

strain N2, ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 nm, 

ZnOBP Zinc oxide bulk particles, E. coli OP50 Escherichia coli, DMSO dimethyl sulfoxide, ZnO zinc 

oxide. 

 

The average pharyngeal pumping rate of L4 N2 under exposure to a concentration range 

of various sized ZnO particles have been presented graphically in Figure 3.2A (ZnONP50), 

Figure 3.2B (ZnONP100), and Figure 3.2C (ZnOBP). The tabulated data from each figure has 

been presented in the Appendix: Table A.3.14 (ZnONP50), Table A.3.15 (ZnONP100), and 

Table A.3.16 (ZnOBP). Statistical tests were conducted to confirm that the solvent, 1% DMSO, 

did not play a statistically significant role in altering the pharyngeal pumping rate during the 

assay’s complete duration: 4-hours (p=0.3284), 24-hours (p=0.1100), 48-hours (p=0.5900), 72-

hours (p=0.7493), and 96-hours (p=0.6173). 

In comparison to their respective control-treatment groups, the average pharyngeal 

pumping rate per L4 N2 deferred the most at the 96-hours’ time point and at the exposure 

concentration of 1000 g/mL by 26.96%, 20.50%, and 11.83% for the ZnONP50, ZnONP100, 

and ZnOBP-treatment groups respectively. Based on this information, ZnONP50 elicited the 

strongest toxicological impact on the pharyngeal pumping rate of N2 in a size-dependent 

manner.  

Pertaining to the statistical analysis, concentration of all three sizes of ZnO particles 

affected the pharyngeal pumping rate of N2 significantly (p<0.0001). However, the duration 

of exposure was not a statistically significant factor as it accounted for 5.33%, 3.58%, and 2.4% 

of the variance in results for ZnONP50 (p=0.12), ZnONP100 (p=0.0815), and ZnOBP (p=0.475) 

respectively in Figure 3.2.  

 In comparison to the control-treatment group, the average pharyngeal pumping rate  of 

the ZnONP50-treatment groups (Figure 3.2A) was significantly statistically different 

(p<0.0001) at the 72-hours (1000 g/mL), and 96-hours (1000 g/mL, and 100 g/mL)’ time 

points. In terms of the average pharyngeal pumping rate of the ZnONP100-treatment groups 

and the control-treatment group (Figure 3.2B), significant statistical difference (p<0.0001) was 

evident at the 96-hours (1000 g/mL) time point. In contrast, no significant statistical 
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difference (p<0.0001) was evident between the different ZnOBP-treatment groups and the 

control treatment group (Figure 3.2C) at any time point.  

3.3.4 Lifespan of C. elegans Treated with Zinc Oxide Particles 

 

A) 

B) 

C) 
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Figure 3.3. Lifespan of L4 N2 post-exposure to a concentration range of A) ZnONP50, B) 

ZnONP100, and C) ZnOBP (1, 10, 100, 1000 µg/mL) in combination with E. coli OP50. Survival was 

recorded from Day 1 of L4 till death. DMSO, in combination with E. coli OP50, served as the vehicle 

control. E. coli OP50 served as the negative control. Three biological replicates, inclusive of three 

technical replicates, were performed for each type of ZnO particle. Data is presented as the percentage 

of survival (%) against time after exposure (days). Each data point represents the mean ± SD (n=3). 

L4 fourth-larval stage, N2 Bristol strain N2, ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 

Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, E. coli OP50 Escherichia coli, 

DMSO dimethyl sulfoxide, ZnO zinc oxide. 

 

The lifespan of 30 L4 N2 under exposure to a concentration range of various sized ZnO 

particles have been presented graphically in Figure 3.3A (ZnONP50), Figure 3.3B 

(ZnONP100), and Figure 3.3C (ZnOBP). The tabulated data from each figure has been 

presented in the Appendix: Table A.3.17 (ZnONP50), Table A.3.18 (ZnONP100), and Table 

A.3.19 (ZnOBP). Statistical tests were conducted to confirm that the solvent, 1% DMSO, did 

not play a statistically significant role in altering the lifespan of N2 under all three sizes of ZnO 

particle treatment: p=0.0733 (ZnONP50), p=0.5852 (ZnONP100), and p=0.0939 (ZnOBP).  

Based on the survival curves of ZnONP50-treatment groups (Figure 3.3A), the 1000 

g/mL, 100 g/mL, 10 g/mL, and 1 g/mL treatment groups demonstrated a left-shifted curve 

compared to the control-treatment group; the mean survival rate decreased by 28.55% 

(p<0.0001), 31.25% (p<0.0001), 10.44% (p=0.0058), and 4.98% respectively. In terms of the 

survival curves of ZnONP100-treatment groups (Figure 3.3B), the 1000 g/mL, 100 g/mL, 

10 g/mL, and 1 g/mL treatment groups demonstrated a left-shifted curve compared to the 

control-treatment group; the mean survival rate decreased by 21.46% (p<0.0001), 16.38% 

(p=0.0011), 2.24%, and 0.27% respectively. In reference to the survival curves of ZnOBP-

treatment groups (Figure 3.3C), the 1000 g/mL, 100 g/mL, and 10 g/mL treatment groups 

demonstrated a left-shifted curve compared to the control-treatment group; the mean survival 

rate decreased by 7.81%, 1.77%, and 4.84% respectively. In contrast, the 1 g/mL ZnOBP-

treatment group demonstrated a right-shifted survival curve compared to the control-treatment 

group, with the mean-survival rate increasing by 6.7% (p=0.0057). Based on this information, 

ZnONP50 elicited the strongest toxicological impact on the lifespan of N2 in a size-dependent 

manner. 
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3.3.5 Primer Design 

Table 3.3. Product size, NCBI reference sequence, primer sequence, annealing temperature, guanine-

cytosine percentage, self-complementary score, and self-3’ complementary score of the chosen primer 

pairs for the target genes’ (cep-1 and pmk-1) and the reference gene’s (tba-1) amplification by PCR. 

PCR polymerase chain reaction. 

bp – Base Pairs 

F – Forward Primer 

R – Reverse Primer  

SC – Self-complementary  

S3’C – Self-3’ complementary  

 

The genes included in this toxicological study were cep-1, pmk-1, and tba-1. The 

selected primer pair sequences for each gene and the respective characteristics have been 

tabulated above in Table 3.3.  

3.3.6 Extracted Ribonucleic Acid (RNA)’s Concentration and Purity  

 RNA extraction’s results were validated using NanoDropTM One Microvolume UV-Vis 

Spectrophotometer. The results of the extracted RNA from ZnONP50-treated N2, ZnONP100-

treated N2, ZnOBP-treated N2, and non-treated (control) N2, have been presented below in 

Table 3.4.  

Table 3.4. Concentration and purity results of extracted RNA from N2. RNA ribonucleic acid, N2 

Bristol strain N2. 

Treatment Concentration A260/A280 A260/A230 

ZnONP50 1002.8 ng/µL 2.11 2.22 

ZnONP100 1047.7 ng/µL 2.10 2.39 

ZnOBP 1486.7 ng/µL 2.16 2.11 

Control  1634.2 ng/µL 2.14 2.17 

Gene 

Symbol 

 

NCBI 

Reference 

Sequence 

Sequence 

(5’-3’) 

Annealing 

Temperature 

(ºC) 

Guanine-

Cytosine 

Content 

(%) 

SC 

Score 

S3’C 

Score 

cep-1 

(177bp) 

NM_0010

26307.8 

F: 

ATTCGCAGGACATCGGCGTA 

 

62.01 55 3 2 

R: 

CGCCATTGCCCAGTATTCCG 

 

61.79 60 4 2 

pmk-1 

(258bp) 

NM_0689

64.7 

F: 

TGCTGAATGTACTCGCTCGG 

 

60.18 55 4 1 

R: 

TGGTCATCGTTGAGTCGCTG 

 

60.39 55 6 1 

tba-1 

(244bp)  

NM_0013

92888.1 

F: 

TATGCTCTCCAACACCACCG 

 

59.75 55 2 2 

R: GCAGGCGGCACGAGTTTA 

 

60.74 61.11 3 2 
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As the concentration of the ZnONP50-treatment’s extracted RNA was the closest to the 

1000 ng/µL benchmark set, the other samples’ concentrations were adjusted to 1002 ng/µL 

during cDNA synthesis to ensure that the DNA concentration was standardised. As the 

A260/A280 and the A260/A230 ratios of all treatment groups’ extracted RNA fell within the 

acceptable ranges, all four sets of RNA were deemed suitable to use for all future downstream 

purposes.   

3.3.7 Agarose Gel Analysis of N2 Genes  

 

 
Figure 3.4. Agarose gel electrophoresis (2% agarose) of PCR amplified DNA samples (cep-1, tba-1, 

pmk-1) of L4 N2 post-exposure to ZnO particles (100 µg/mL) for 72 hours. Both lanes labelled as ‘M’ 

contain molecular weight markers ranging from 100 bp to 1000 bp. Lanes c-C, c-B, c-100, and c-50 

contain cep-1 PCR products from the four different treatment groups: control, ZnOBP, ZnONP100, 
and ZnONP50. Lanes t-C, t-B, t-100, and t-50 tba-1 PCR products from the four different treatment 

groups: control, ZnOBP, ZnONP100, and ZnONP50. p-C, p-B, p-100, and p-50 contain pmk-1 PCR 

products from the four different treatment groups: control, ZnOBP, ZnONP100, and ZnONP50. 

Electrophoresis was performed using 1X TAE buffer at 100 V and 400 mA for 35 minutes. Gel was 

stained with SYBR Safe DNA Gel Stain and visualized using Bio-Rad Gel Doc XR+ Imaging 

System. Expected band sizes for cep-1, tba-1, and pmk-1 were 177 bp, 244 bp, and 258 bp 

respectively. PCR polymerase chain reaction, DNA deoxyribonucleic acid, L4 fourth larval stage, N2 
Bristol strain N2, ZnO zinc oxide, bp base pairs, ZnOBP Zinc oxide bulk particles, ZnONP100 Zinc 

oxide nanoparticles <100 nm, ZnONP50 Zinc oxide nanoparticles <50 nm, TAE Tris-acetate-EDTA, 

bp base pairs.  
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Agarose gel electrophoresis was utilised to separate, identify, and analyse DNA 

fragments of ZnO particle-treatment groups and the non-treated control treatment group. 

Evident differences in the intensity of the DNA bands of each treatment group indicates a 

variance in the expression of the respective gene post-chronic exposure to various sized ZnO 

particles for 72 hours in Figure 3.4, which is a representative gel of the triplicates performed 

for each gene. In terms of the expression of the cep-1 and pmk-1 genes, the ZnONP50-treatment 

group N2 yielded the band with the highest intensity, indicating an increased expression of the 

genes in comparison to the control-treatment group which generated the faintest band for the 

target genes. The visualised interpretation of gene expression variance under each ZnO particle 

treatment group was validated through densitometric analysis, during which the 500bp standard 

of the DNA ladder was utilised as the internal standard to normalize the gel-to-gel variance. 

The data is presented in the Appendix for cep-1, pmk-1, and tba-1 gene under Table A.3.20, 

A.3.21, and A.3.22 respectively.  

To evaluate the variance in expression of the cep-1 and pmk-1 genes under different 

ZnO particle treatments and to determine whether the gene expression variance is size 

dependent, the relative fold change of each DNA band was determined as per Section 3.2.17.3. 

The expression of the cep-1 gene under ZnONP50, ZnONP100, and ZnOBP treatment was 

upregulated by 8.33, 6.66, and 3.51-folds respectively. The expression of the pmk-1 gene under 

ZnONP50, ZnONP100, and ZnOBP treatment was upregulated by 13.55, 11.61, and 5.26-folds 

respectively. The variance of the cep-1 and pmk-1 genes’ expression is illustrated in Figure 3.5.   

 

Figure 3.5. Relative fold change of ZnO particle-treated cep-1 and pmk-1 DNA bands of L4 N2 in 

comparison to their respective untreated-control DNA bands. ZnO zinc oxide, L4 fourth larval stage, 

N2 Bristol strain N2, ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide 

nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles. 
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With the increased use of ZnONPs and its production, the risk of the NPs entering the 

ecosystem increases significantly. ZnONPs can be introduced into the terrestrial environment 

through various pathways including waste incineration residues, landfill leachate, and 

wastewater treatment (Baun et al., 2017). ZnONPs can also be introduced into the soil directly 

through the use of herbicides and pesticide (Cochran et al., 2023). Through a modelled estimate 

conducted in 2009, ZnONPs environmental concentration ranges between 0.25 to 0.66 µg/kg; 

this concentration is expected to have increased significantly over the past decade (Gottschalk 

et al., 2009). Upon entering the environment, the physiochemical properties and behaviour are 

influenced by various factors, including the soil. The soil serves as a drainage system for 

environmental pollutants, and also as a source of nutrients for surrounding plants and terrestrial 

organisms (García-Gómez et al., 2018). Terrestrial animals, such as  C. elegans, are vulnerable 

to the toxicological effects of ZnONPs as they have direct contact with the contaminated soil, 

which serves as their food source (Zečić et al., 2019).  

As the movement of ZnO particles in the soil are influenced by the physicochemical 

properties, specifically the size, it was hypothesised that a size-dependent trend would be 

evident while investigating the toxicological property of ZnO particles on the reproduction 

capacity, pharyngeal pumping rate, and lifespan of N2; the smallest sized ZnO particle 

investigated is expected to yield the greatest toxicity owing to its enhanced mobility and uptake 

across biological membranes (Gupta et al., 2015; Umar et al., 2023).  

 Reproduction capacity of L4 N2 was investigated post-exposure to a concentration 

range of ZnONP50, ZnONP100, and ZnOBP, and it was defined as the total number of viable 

offspring laid at the 24-hours, 48-hours, and 72-hours’ time points. The strongest toxicological 

effect of the ZnO particles was exhibited at the highest concentration of 1000 g/mL by 

ZnONP100, ZnONP50, and ZnOBP in a descending manner as per Table A.3.12, A.3.11, and 

A.3.13 respectively in the Appendix. The significant reduction in the reproduction capacity of 

N2 in the present study was corroborated by previous studies which yielded similar results; 

ZnONPs yielded the stronger toxicological effect towards the reproduction capacity compared 

to ZnOBP (Gupta et al., 2015; Khare et al., 2015; Ma et al., 2009; Wang et al., 2009).  However, 

in the size-dependent ZnONPs toxicological study conducted by Gupta and Khare, the smallest 

size ZnONPs, 21 nm and 50 nm respectively, yielded a larger reduction in progeny compared 

to the larger sized ZnONPs investigated (Gupta et al., 2015; Khare et al., 2015).  

 The pharyngeal pumping rate of L4 N2 was examined post-exposure to a concentration 

range of ZnONP50, ZnONP100, and ZnOBP, and it was defined as the rhythmic contractions 
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of the pharynx for 5 seconds at the 4-hours, 24-hours, 48-hours, 72-hours, and 96-hours’ time 

points. The strongest toxicological effect of the ZnO particles was exhibited at the highest 

concentration of 1000 g/mL by ZnONP50, ZnONP100, and ZnOBP in a descending manner 

as per Table A.3.14, A.3.15, and A.3.16 in the Appendix respectively. The significant reduction 

in the pharyngeal pumping rate of N2 was validated by previous studies using various types of 

metal-oxide NPs which yielded similar results, with NPs eliciting a stronger toxicological 

effect compared to their respective BPs (Hu et al., 2018; Mashock et al., 2016; Yang et al., 

2014). However, there is lack of studies investigating the size-dependent effect of various sized 

ZnONPs.  

 The lifespan of L4 N2 was observed post-exposure to a concentration range of 

ZnONP50, ZnONP100, and ZnOBP. Based on the survival curves generated, ZnONP50 

exhibited the strongest statistically significant toxicological effects towards the lifespan of N2, 

followed by ZnONP100, and ZnOBP in a descending manner as per Table A.3.17, A.3.18, and 

A.3.19 in the Appendix respectively. The significant reduction in the average lifespan of N2 in 

the present study was validated by similar patterns observed in previous projects utilizing 

different types of metal-oxide NPs; the smallest sized NPs elicited a stronger toxicological 

effect in comparison to the larger sized NPs and their respective BPs (Gonzalez-Moragas et al., 

2017; Walczynska et al., 2018). However, in a nanotoxicology study conducted by Piechulek 

and Mikecz using a similar concentration range of ZnONPs, they concluded that nano-sized 

ZnO did not have a significant effect on the longevity of N2 (Piechulek & von Mikecz, 2018).  

 Several plausible underlying mechanisms of ZnONPs-induced toxicity have been 

suggested, however, ROS production and the subsequent oxidative stress is the best understood 

mechanism accountable for ZnONPs-induced toxicity in animal models (Chong et al., 2021; 

Rahman et al., 2022). The general process of oxidative stress generation is as follows: 

generation of ROS on ZnONPs’ surface, dissolution, and release of Zn2+ ions from ZnONPs, 

and physical interaction between the biological molecules within the organism and ZnONPs 

(Saliani et al., 2016). Oxygen containing radicals, ROS, are produced by the mitochondria as a 

metabolic byproduct. They serve as signaling molecules in many essential cellular activities 

(Liu et al., 2018). Conversely, increased levels of ROS are considered the main promoter of 

inducing oxidative stress within cells, tissues, and organs (Schieber & Chandel, 2014). 

ZnONPs exposure resulting in the unwarranted production of ROS may results in oxidative 

damage of the DNA. HO• radicals are extremely reactive with the deoxyribose backbone and 

the bases of DNA, which triggers the fracturing of the DNA strands, oxidation of nucleotides, 
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and the formation of DNA adduct, which leads to carcinogenicity and mutagenicity (Martins 

et al., 2021). DNA damage may induce apoptosis by activating the p53 pathway, which 

plausibly leads to tissue damage (Abass et al., 2017; Ma & Yang, 2016). ZnONPs are also able 

to damage organs by commencing oxidative stress mediated inflammation. ZnONPs induced 

oxidative stress and inflammation work conjointly to emphasize the progressive damage in the 

tissues and/or the organs (Pizzino et al., 2017; Sharifi-Rad et al., 2020). ZnONPs are able to 

induce inflammation in multiple organs of animal models through the MAPK signal 

transduction pathway; inflammatory cells are recruited, and mediators and pro-inflammatory 

cytokines are triggered (Qiao et al., 2018; Saptarshi et al., 2015).  The cep-1 and pmk-1 genes, 

which are vital components of the p53 and MAPK pathways, were chosen as the biomarkers 

to investigate the potential role of oxidative stress in ZnONP’s exhibited toxicity.  

The gene expression study conducted revealed a variance in the expression of the cep-

1 and pmk-1 genes upon exposure to ZnONP50, ZnONP100, and ZnOBP as seen in Figure 

3.5. Compared to the control-treatment group, cep-1 and pmk-1’s expression was 

upregulated, with the ZnONP50-treatment group exhibiting the largest increment by 13.55 

and 8.33 folds respectively as per Figure 3.5. Based on this information, it can be concluded 

that the variation in the expression of the cep-1 and pmk-1 genes upon ZnO particle exposure 

is size-dependent.  

In a study conducted by O’Donnell and her team, N2 were exposed to various 

concentrations of ZnONPs. The strain was used to investigate the expression of genes involved 

in the apoptosis pathway, including the cep-1 gene. The cep-1 gene, which is a p53 ortholog, 

was upregulated in the gene expression assay. Additionally, the cep-1 loss of function mutant 

was exposed to ZnONPs. However, no significant increase in apoptosis was observed, unlike 

N2 (O’Donnell et al., 2017). Thus, it can be concluded that the reduced progeny production 

observed by ZnONP50 and ZnONP100-treatment groups in this research project is plausibly 

cep-1/p53 dependent. Janus-faced cep-1/p53 defines the duality of the transcription factor’s 

role in the cell. It is able to act as a tumor suppressor to prevent the development of cancer cells 

through the induction of the cell cycle arrest and apoptosis. Alternatively, it is able to promote 

cellular senescence. This duality of cep-1/p53 is dependent on its ability to sense and react to 

different levels of oxidative stress signals within the cell. In a mild oxidative stress affected 

environment with repairable damage, cep-1/p53 is able to elicit its protective response to repair 

and/or prevent further damage towards the cell and the organism, which results in cell survival, 

growth, and increased longevity of the organism. Alternatively, in a severe oxidative stress 

affected environment with irreversible damage, cep-1/p53 is able to elicit its suppressive 



 

  59 

response to eliminate the irreparable cells, which results in apoptosis, cell cycle arrest, and 

decreased longevity of the organism. Based on this characteristic, cep-1/p53 sensed severe 

oxidative stress within the ZnO particle treated N2, which induced its suppressive response and 

resulted in cell cycle arrest, apoptosis of germ cells, and decreased the life span of the 

nematodes (Hao et al., 2020; Rotblat et al., 2012; Toma-Jonik et al., 2019; Ventura et al., 2009).  

 MAPKs are known to serve as transducers of extracellular stimuli such as stress 

response. The C. elegans ortholog of p38 MAPK, PMK-1, has a vital role in the organism’s 

response against oxidative stress and its innate immunity. In a study conducted by Lim and his 

team, an increased expression of the pmk-1 gene and PMK-1 protein was evident post-exposure 

to AgNPs, which illudes to the nematode’s defense mechanism towards NPs exposure. During 

bacterial infections, C. elegans are able to generate ROS as a host-defense mechanism, which 

triggers the stress-response mechanism (Chávez et al., 2007, 2009). As ROS expression 

increased in AgNPs-exposed nematodes, it was suggested that N2 produced ROS as an 

immune-response-like reactions to the NPs exposure (Lim et al., 2012). As innate immunity is 

elicited through PMK-1/p38 MAPK, it is plausible that pmk-1 is involved in ROS production 

in N2 post-exposure to ZnO particles in this study.  

 The primary quantitative method to study variance in gene expression is real-time 

quantitative PCR. However, due to budgetary and time constraints, conventional PCR was 

performed. Nevertheless, to validate and normalize the results retrieved from the conventional 

PCR, a reference gene was employed as an internal control (Huggett et al., 2005; Radonić et 

al., 2004; Zhao et al., 2014). Zhang and their team evaluated several housekeeping genes in 

terms of their stability upon exposure to the metal oxide NP, CuONPs. The housekeeping genes, 

including tba-1, were appraised in terms of their stability of expression using four algorithms: 

geNorm, NormFinder, BestKeeper, and the Comparative ΔCt method (Andersen et al., 2004; 

Pfaffl et al., 2004; Silver et al., 2006; Vandesompele et al., 2002). Based on the results retrieved, 

tba-1 was identified as a reliable reference gene to be used in NPs-based toxicological studies 

(Zhang et al., 2012). However, as per the gene expression study conducted in this research 

project, its expression fluctuated slightly upon exposure to ZnO particles when compared to 

the control-treatment group. Thus, further evaluations are needed regarding the use of tba-1 as 

a reference gene in ZnONPs based studies. 

  This study has a primary limitation, and it should be addressed in future studies to 

improve the reproducibility of the results and to improve the understanding of the 

ecotoxicological properties of ZnO particles on C. elegans. As ingestion of NPs is the most 

common route of exposure for C. elegans, optical imaging is a suitable technique to confirm 
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the ingestion of the desired concentration of NPs is conducted prior to data sets being collected 

(Li et al., 2021). As C. elegans have a transparent body, it allows easy visualization of the NPs 

tagged with fluorescent proteins using a confocal microscope. Additionally, this would provide 

supplementary information regarding the biodistribution of the various sizes of ZnO particles 

in the nematode and structural changes of vital organs associated with the investigated 

parameters (Wang et al., 2021).  

It is worth noting that C. elegans are used as an ecotoxicity model, and as a non-

mammalian in vivo model to investigate human NP-toxicity screening. As the nematode and 

humans share conserved molecular pathways and genes which are involved in oxidative stress 

response, apoptosis, and DNA damage repair, it is possible to extrapolate C. elegans’ toxicity 

study results to humans (Kim et al., 2018; Lai et al., 2000). However, to identify the precise 

mechanism of size-dependent ZnO particles toxicity in humans, comparative toxicity studies 

using various biological models may be required. As the above-mentioned pathways have 

several key players, further gene expression studies of orthologous genes will present a clearer 

picture of ZnO particles’ induced toxicity and its mechanism. Additionally, as ROS 

quantification is an essential tool to decipher the role of oxidative stress in the pathological and 

physiological processes, it is vital for future studies to do so. The use of fluorogenic dyes, such 

as MitoSOX Green and MitoSOX Red, may be employed to quantify the superoxide production 

from mitochondria in live cells (Kauffman et al., 2016).  

3.4 Conclusion  

 This chapter reported that ZnONP50 was able to exert greater toxicological effect 

towards the lifespan of N2 nematodes and significantly increase the expression of the 

nematode’s cep-1 and pmk-1 genes compared to the larger ZnO particles. ZnONP100 

demonstrated the highest toxicity towards the nematode’s reproductive capacity and 

pharyngeal pumping rate, while ZnOBP displayed the lowest toxicity. Further studies using 

different models is required to validate and understand the mechanism of ZnO particles’ size-

dependent toxicological effects.  
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Chapter 4: Inhibitory Effects of Various Sized Zinc Oxide Particles on 

Human CYP isozymes   

4.1 Background  

Several metal oxide NPs, including ZnONPs, have demonstrated significant inhibitory 

effects towards the drug metabolising CYP isozymes through various modes of inhibition as 

reported under Section 1.3.4. Inhibition of these isozymes have detrimental clinical 

consequences due to decreased clearance and increased bioavailability of the co-administered 

drug (Ahmmed et al., 2015; Bahadur et al., 2016; Lim et al., 2022; Yim et al., 2020).  

To evaluate the inhibition potential, the kit utilises Vivid® Substrates and CYP450 

BALCUSOMES® Plus Reagents, which are microsomes composed of insect cells expressing a 

single CYP isozyme, human CYP reductase, and human cytochrome b5. As the CYP450 

BALCUSOMES®  Plus Reagents express a singular CYP isozyme, it prevents the metabolism 

of Vivid® Substrates by irrelevant CYP isozymes (Ozgenc, n.d.). Vivid® Substrates have one 

or two probable metabolic sites, illustrated in Figure 4.1, and are metabolised into highly 

fluorometric products in an aqueous solution. The metabolites of the fluorogenic Vivid® 

Substrates utilised in this study are listed in Table 4.1. 

 

 

Figure 4.1. Schematic representation of the metabolism of Vivid® Substrates into fluorescent 

metabolites by CYP450 BALCUSOMES® Plus Reagents. M1 and M2 denote metabolic sites. M1’ 

and M2’ denote fluorometric metabolites (Ozgenc, n.d.). 
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Table 4.1. Vivid® Substrates and their corresponding metabolites (Ozgenc, n.d.; Wu et al., 2021). 

Vivid® Substrates* Metabolite  

EOMCC 3-cyano-hydroxycoumarin 

BOMCC 3-cyano-hydroxycoumarin 

CC 3-hydroxycoumarin 

DBOMF Fluorescein 

MOBFC 7-hydroxy-4-(trifluoromethyl)coumarin 

*EOMCC: 7-ehthoxy-methyloxy-3-cyano-coumarin  

  BOMCC: 7-benzyloxymethyloxy-3-cyano-coumarin  

  CC: 3-cyano-coumarin  

  DBOMF: di-(benzyl-O-methyl)-fluorescein  

  MOBFC: 7-P-methoxy-benzyloxy-4-trifluorocoumarin  

 

 This chapter of the research project presents the evaluation of the size-dependent 

inhibitory effects of ZnONP50, ZnONP100, and ZnOBP on primary drug-metabolizing 

CYP isozymes (CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, CYP2J2, and 

CYP3A5) using Vivid® CYP450 Screening Kits.  
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4.2 Methodology  

 

 

 

 

 

 

Figure 4.2. Schematic representation of the six steps of a Vivid®CYP450 assay conducted in the end-

point mode (Ozgenc, n.d.). 

 

The size-dependent inhibitory potential of ZnONP50, ZnONP100, and ZnOBP on the 

enzymatic activity of CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, CYP2J2, and 

CYP3A5 was investigated using Vivid® CYP450 Screening Kits in the endpoint mode 

comprising of six steps as presented in Figure 4.2. Incubation with a total volume of 100 µL 

per well was carried out in Black Costar® 96-well plates at a constant temperature of 27°C, as 

the kit performs optimally between 25°C to 37°C (Ozgenc, n.d.). Master Pre-Mix was a mixture 

of CYP450 BALCUSOMES® Plus Reagent, Vivid® Regeneration System, and Vivid® CYP450 

Reaction Buffer. Vivid® Regeneration System contains 30 U/mL of glucose-6-phosphate 

dehydrogenase and 333mM of glucose-6-phosphate in 100 mM potassium phosphate (pH 8.0). 

The combination allowed Vivid® Regeneration System to convert the nicotinamide adenine 

dinucleotide phosphate (NADP+) into NADPH, subsequently allowing the reaction to 

commence. Measurement of the background fluorescence was taken 30-minutes post addition 

of ZnO particle to the Master Pre-Mix as the ‘pre-read.’ The addition of NADP+ and the 

respective Vivid® Substrate initiated the enzymatic reaction. Once initiated, the reaction plate 

was incubated for a pre-determined time period to obtain optimal fluorometric readings. Lastly 

50 µL of 0.5 M Tris-base was added to terminate the enzymatic reaction, and the final 

fluorescent readings were taken. Fluorometric readings were obtained using the Thermo 

Scientific Varioskan Flash Plate Reader using the settings stated in Table 4.2. ZnO particle’s 

inhibition potential was determined by their ability to inhibit the formation of Vivid® 

Substrate’s metabolite, indicated by the reduction of fluorometric metabolite formation 

(Ozgenc, n.d.). The final concentration of all reagents required for respective CYP450 isozyme 

assays are summarised in Table 4.3.  

 

 

Step 1: 

Addition 

of Test 

Compound 

Step 2:  

Addition of 

Master Pre-Mix 

Step 3:  

Optional Pre-

Read 

Step 4:  

Addition of 

NADP+ and 

Vivid® Substrate 
Step 5:  

Addition of  

Tris Base 
Step 6:  

Post-Read 

No/Low 

Inhibition  

High 

Fluorescence 

No/Low 

Inhibition  

High 

Fluorescence 



 

  64 

Table 4.2. Varioskan Flash Plate Reader’s settings based on each CYP isozymes and their respective 

Vivid® Fluorescent Standards (Ozgenc, n.d.). CYP cytochrome P450. 

 Vivid® Fluorescent Standards 

Blue Green Cyan 

CYP Isozyme 1A2, 2A6, 2B6, 2E1, 3A5 2C8 2J2 

Excitation Wavelength (nm) 415 490 415 

Emission Wavelength (nm) 460 520 520 

Bandwidth 20 12 20 

 

Table 4.3. Final concentration of reagents for each CYP isozyme reaction. CYP cytochrome P450. 

CYP 

Isozyme 

CYP Isozyme 

(nM) 

Vivid® CYP450 

Reaction Buffer 

(nM) 

Vivid® Substrate 

(µM)* 

Vivid® NADP+ 

(µM) 

1A2 3 Buffer I – 100 EOMCC - 5 30 

2A6 10 0.5X Buffer II - 25 CC - 10 30 

2B6 3 Buffer I - 100 BOMCC - 5 30 

2C8 1 Buffer II - 50 DBOMF - 5 100 

2E1 10 Buffer III - 200 EOMCC - 20 30 

2J2 3 Buffer II - 50 MOBFC - 5 30 

3A5 10 Buffer I – 100 BOMCC - 5 30 

*EOMCC: 7-ehthoxy-methyloxy-3-cyano-coumarin  

  BOMCC: 7-benzyloxymethyloxy-3-cyano-coumarin  

  CC: 3-cyano-coumarin  

  DBOMF: di-(benzyl-O-methyl)-fluorescein  

  MOBFC: 7-P-methoxy-benzyloxy-4-trifluoro-coumarin  
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4.2.1 Materials and Reagents    

Vivid® CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, CYP2J2 and CYP3A5 

screening kits were acquired from Life TechnologiesTM (Carlsbad, CA, USA). Respective 

positive inhibitor of each isozyme and Black Costar® 96-well plates were purchased from 

Thermo Fisher Scientific® (Pittsburgh, PA, USA). Analytical grade acetonitrile was purchased 

from Fisher Scientific (Loughborough, Leicestershire, UK). Tris-base powder was obtained 

from Amresco® LLC (Solon, Ohio, USA).  

4.2.2 Establishment of Standard Curves 

Fluorometric metabolites’ formation in subsequent assays were quantified using 

equations from established standard curves using respective metabolite standards (Brooks et 

al., 2012). The manufacturer’s protocol was followed, with the exception of alterations to the 

concentration level of Vivid® Fluorescent Standards (Ozgenc, n.d.). Vivid® Fluorescent 

Standards underwent two-time serial dilution with the respective Vivid® CYP450 Reaction 

Buffer to attain a concentration range: 500, 250, 125, 62.5, 31.25, 15.6, 7.81, 3.91, and 0 nM. 

The fluorometric reading of the metabolites produced by Vivid® Blue Standard (3-cyano-7-

hydroxycoumarin), Vivid® Green Standard (fluorescein) and Vivid® Cyan Standard (7-

hydroxy-4-tri-fluromethylcoumarin) were taken without an incubation period. The bandwidth, 

excitation wavelength, and emission wavelength of each reading were set as per Table 4.2. The 

assays were performed as triplicates, and the required equations were derived once the 

respective R2 value was above 0.99. The results were plotted on a graph as fluorescent reading 

(FRU) against the range of the Vivid® Standard’s concentration.  

4.2.3 Establishment of Time Curves 

To ascertain the time period required to obtain the optimal fluorometric reading for 

each CYP isozyme, time curves were established. Each reaction-well contained 90 L of 

Master Pre-Mix based on Table 4.3. The final well, the ‘background’ well, contained 90 l of 

Vivid® CYP450 Reaction Buffer solely. To attain ‘pre-read’ values, the reaction was incubated 

for 30 minutes. Afterwards, the addition of 10 L mixture of Vivid® Substrate, Vivid® CYP450 

Reaction Buffer and Vivid® NADP+, based on Table 4.3, initiated the enzymatic reaction. The 

reaction plate was incubated and fluorometric readings were recorded at 5, 10, 20, 30, 60, 90, 

120, 180, and 240 minutes time-points. The assays were performed as triplicates. The results 

were plotted on a graph as FRU against the range of incubation time-points (minutes). Optimal 

incubation period for each CYP isozyme was determined post-linear phase, as it indicated 

substrate depletion (Pant, 2022).  
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4.2.4 Inhibition of CYP Isozymes by Positive Inhibitors 

The inhibition of CYP isozymes by their positive inhibitors were evaluated as per Table 

4.4; initial 100 mM stocks of each positive inhibitor was prepared using DMSO and further 

dilution to required concentrations was conducted using water. DMSO’s concentration was 

kept to a minimum to avoid unwanted inhibition of the isozymes. 50 µL of Master Pre-Mix 

was prepared based on Table 4.3, and was combined with 40 µL of Vivid® CYP450 Reaction 

Buffer and the respective positive inhibitor. This mixture was dispensed into the first reaction-

well. The subsequent wells contained the same mixture, however, the test compound solution 

was replaced with the positive inhibitor’s solvent. The final well, which served as the 

‘background’ well, contained a solution of the positive inhibitor’s solvent and Vivid® CYP450 

Reaction Buffer. To attain ‘pre-read’ values, the reaction plate was incubated for 30 minutes. 

Subsequently, 10 µL of substrate mix containing Vivid® Substrate, Vivid® NADP+, and Vivid® 

CYP450 Reaction Buffer was added to all reaction wells. The reaction plate was incubated for 

the pre-determined time period, prior to the addition of 50 µL of 0.5 M Tris-base per reaction 

well. The assays were performed in triplicates.  

Table 4.4. Concentration range of each CYP isozyme’s positive inhibitor. CYP cytochrome P450. 

CYP 

Isozyme 

Positive Inhibitor Tested Concentration Range (nM) 

CYP1A2 -naphthoflavone 50, 25, 12.5, 6.25, 3.13, 1.56, 0 

CYP2A6 Tranylcypromine 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0 

CYP2B6 Miconazole 200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0 

CYP2C8 Montelukast 10, 5, 2.5, 1.25, 0.63, 0.31, 0 

CYP2E1 Tranylcypromine 10, 5, 2.5, 1.25, 0.63, 0.31, 0 

CYP2J2 Terfenadine 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0 

CYP3A5 Ketoconazole 200, 100, 50, 25, 12.5, 6.25, 3.13, 0 

4.2.5 Preparation of ZnO Particles 

ZnONP50, ZnONP100, and ZnOBP were prepared freshly on a per-assay basis to avoid 

contamination and aggregation of the bulk or nano powder. 5 mg of the respective ZnO particle 

was added to 500 µL of pure DMSO to attain a starting concentration of 10 mg/mL. The 

solution was then sonicated for 30 minutes at 30°C to ensure highest dispersion stability. 

 4.2.6 Determination of Half Maximal Inhibitory Concentration (IC50) 

To evaluate a test compound’s inhibitory potential towards a biological and/or 

biochemical function, IC50 is derived. It is a quantitative measurement (Brooks et al., 2012). 
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Thus, to determine the inhibitory potential of ZnONP50, ZnONP100, and ZnOBP on the pre-

chosen CYP isozymes, IC50 assays were performed. Protocol of IC50 assays was similar to that 

of positive inhibitor assays, with the exception of the positive inhibitor being replaced with 

ZnO particles. Two-time serial dilution of ZnO particles were carried out to attain final 

concentrations of 100, 50, 25, 12.5, 6.25, and 3.13 µg/mL. The assays were performed as 

triplicates.  

4.2.7 Time-Dependent Inhibition (TDI) Assay  

To determine whether a test compound possesses the potential of mechanical-based 

inhibitory effects and if it can be categorised as an irreversible inhibitor, time-dependent 

inhibition (TDI) assays are conducted (Riley et al., 2007). The assay is comprised of two 

experimental conditions: 30-minutes with NADPH and 30-minutes without NADPH. For the 

first experimental condition, Vivid® NADP+ was added to the previously described Master Pre-

Mix and the 10µL of substrate mix consisted of Vivid® Substrate and Vivid® CYP450 Reaction 

Buffer only. For the second experimental condition, the Master Pre-Mix and substrate mix 

remained the same as the IC50 assays as described in Section 4.2.6. IC50 shift was calculated as 

a ratio of the 30-minutes without NADPH condition to 30-minutes with NADPH condition. 

The assays were performed as triplicates.  

4.2.8 Determination of Ki and Mode of Inhibition  

The inhibition constant (Ki) value indicates the affinity of an inhibitor to an enzyme 

(Burlingham & Widlansk, 2003). Thus, Ki values and the mode of inhibition were further 

determined for those pairings in which the ZnO particles demonstrated significant inhibition 

towards the respective CYP isozymes (IC50 < 100 µg/mL). The Ki assays were conducted under 

various concentrations of the ZnO particles and Vivid® Substrates, as stated in Table 4.5, to 

examine the differences in enzymatic activities. The assay conditions and reagent 

concentrations remained the same as the previously conducted IC50 assays, with the exception 

of the ZnO particle’s and Vivid® Substrate’s concentrations; ZnO particle concentrations were 

determined based on the retrieved IC50 values, and were incubated with four concentrations of 

Vivid® Substrate. Assays were performed as triplicates.  
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Table 4.5. Concentration range of each CYP isozyme’s ZnO particle and Vivid® Substrate’s 

concentration for their respective Ki assays. CYP cytochrome P450, ZnO zinc oxide, Ki  inhibition 

constant. 

CYP 

Isozyme 

ZnO Particle* ZnO Particle 

Concentration 

(g/mL)  

Vivid® Substrate 

Concentration 

(M)* 

CYP2B6 ZnONP50 50, 25, 12.5, 6.25, 0 BOMCC – 2.5, 5, 10, 20 

ZnONP100 50, 25, 12.5, 6.25, 0 

CYP2C8 ZnONP50 50, 25, 12.5, 6.25, 0 DBOMF - 2.5, 5, 10, 20 

CYP2E1 ZnONP50 50, 25, 12.5, 6.25, 0 EOMCC – 10, 20, 40, 80 

ZnONP100 100, 50, 25, 12.5, 0 

ZnOBP 50, 25, 12.5, 6.25, 0 

CYP2J2 ZnONP50 50, 25, 12.5, 6.25, 0 MOBFC – 2.5, 5, 10, 20  

ZnONP100 100, 50, 25, 12.5, 0 

CYP3A5 ZnONP50 100, 50, 25, 12.5, 0 BOMCC – 2.5, 5, 10, 20  

ZnONP100 50, 25, 12.5, 6.25, 0 

*ZnONPs: zinc oxide nanoparticles 

  ZnOBP: zinc oxide bulk particles 
**EOMCC: 7-ehthoxy-methyloxy-3-cyano-coumarin  

  BOMCC: 7-benzyloxymethyloxy-3-cyano-coumarin  

  DBOMF: di-(benzyl-O-methyl)-fluorescein  

  MOBFC: 7-P-methoxy-benzyloxy-4-trifluoro-coumarin  
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4.2.9 Data Analysis  

4.2.9.1 Determination of Half Maximal Inhibitory Concentration (IC50)  

The percentage of control activity (%) at each concentration (g/mL) of ZnO 

particle was calculated as 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =

 
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑡ℎ𝑒 𝑃𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑇𝑒𝑠𝑡 𝐶𝑜𝑚𝑝𝑜𝑢𝑑

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑡ℎ𝑒 𝐴𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑇𝑒𝑠𝑡 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑
 ×  100 . The concentration values of 

ZnO particles were converted into logarithmic values. The values were plotted on a 

graph of percentage of control activity (%) against a log scale concentration of ZnO 

particle (g/mL) on GraphPad Prism Version 9.4.1 for Mac (GraphPad Software, La 

Jolla California, USA) to retrieve the IC50 values for each data set using non-linear 

regression.  

4.2.9.2 Determination of IC50 Shift 

The IC50 values for the two experimental conditions were obtained, and the IC50 

shift for each CYP isozyme and ZnO particle pairing was calculated accordingly:  

𝐼𝐶50 𝑆ℎ𝑖𝑓𝑡 =  
𝐼𝐶5𝑜 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑁𝐴𝐷𝑃𝐻

𝐼𝐶50 𝑤𝑖𝑡ℎ 𝑁𝐴𝐷𝑃𝐻
.  A ratio of more than 2.0 suggested time-

dependent/mechanism-based inhibition, thus the respective ZnO particle was 

categorised as an irreversible inhibitor (Riley et al., 2007). 

4.2.9.3 Determination of Ki and Mode of Inhibition 

The equations generated from the standard curves were used to determine the 

metabolite formation from which the reaction velocity was calculated. Lineweaver-

Burk plots were plotted on Microsoft Excel, as the reciprocal of the reaction velocity 

against the reciprocal of the substrate concentration. The mode of inhibition was 

determined graphically for each CYP isozyme and ZnO particle pairing. A ‘secondary 

plot’ was plotted as the varying concentrations of the ZnO particle (g/mL) against the 

slopes of the Lineweaver-Burk plot. Ki values were obtained from the slope of the 

‘secondary plot’ represented by the X-intercept.  
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4.3 Results and Discussion  

4.3.1 Establishment of Standard Curves 

The standard curves for Vivid® CYP450 Reaction Buffer I, Vivid® CYP450 Reaction 

0.5X Buffer II, Vivid® CYP450 Reaction Buffer II, and Vivid® CYP450 Reaction Buffer III 

are presented as Figure A.4.1, A.4.2, A.4.3, and A.4.4 in the Appendix respectively. The 

equations derived from each standard curve have been summarised under Table A.4.1 in the 

Appendix. These equations were used to determine the value of the reaction rate (velocity), 

and subsequently the Ki values for applicable CYP isozymes if deemed necessary.  

4.3.2 Establishment of Time Curves  

 
Figure 4.3. Time curves of CYP isozymes: CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2E1, 

CYP2J2 and CYP3A5. The data sets were generated by plotting the fluorescent readings of 

metabolites formed from the oxidation of their respective Vivid® Substrates, against a range of 

incubation period; 5, 10, 20, 30, 60, 90, 120, 180, and 240 minutes. Each data point represents the 

mean ± SD (n=3). 

 

Time curves for the CYP isozymes were generated by plotting the fluorescent reading 

of the metabolites formed by the oxidation of respective Vivid® Substrate, BOMCC (CYP2B6 

and CYP3A5), EOMCC (CYP1A2 and CYP2E1), CC (CYP2A6), MOBFC (CYP2J2), and 

DBOMF (CYP2C8) against a range of incubation periods (Figure 4.3). The time curves were 

generated to determine the optimum incubation period for each CYP isozyme to reach peak 

enzymatic activity and to obtain adequate fluorescent readings to determine the inhibitory 

potential of various ZnO particles. An incubation period of 120 minutes was chosen for all 

CYP isozyme reactions involved in subsequent assays.  
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4.3.3 Inhibition of CYP Isozymes by Positive Inhibitors 

Based on the optimal incubation period determined, CYP isozyme assays using their 

respective positive inhibitors were carried out to validate subsequent assay’ conditions. 

Positive inhibitors are also known as inhibitor probes; at a given concentration, the chosen 

molecule is able to selectively inhibit the bio-target (Gestwicki & Shao, 2019). The positive 

inhibitors chosen in this study were suggested by the Vivid CYP450 screening kits’ 

manufacturer including -naphthoflavone (CYP1A2), tranylcypromine (CYP2A6 and 

CYP2E1), miconazole (CYP2B6), montelukast (CYP2C8), terfenadine (CYP2J2), and 

ketoconazole (CYP3A5) (Ozgenc, n.d.).  

IC50 values were retrieved using non-linear aggression analysis (GraphPad Prism 

Version 9.5.0). The remaining enzymatic of each isozyme post-exposure to the highest 

concentration of their respective positive inhibitors and the derived IC50 values have been 

summarised below in Table 4.6.   

Table 4.6. Summary of derived IC50 values and the remaining enzymatic activity of CYP isozymes 

post-exposure to the highest concentration of their respective positive inhibitors. IC50  half maximal 

inhibitory concentration,  CYP cytochrome P450. 

CYP Isozyme Positive Inhibitor 

Concentration (nM) 

Remaining 

Enzymatic Activity 

IC50 value 

(nM) 

CYP1A2 

(Figure 4.4A) 

-naphthoflavone: 50 5.7% 4.21 

CYP2A6 

(Figure 4.4B) 

Tranylcypromine: 100 3.82% 2.99 

CYP2B6 

(Figure 4.4C) 

Miconazole: 200 4.71% 5.5 

CYP2C8 

(Figure 4.4D) 

Montelukast: 10 42.46% 2.70 

CYP2E1 

(Figure 4.4E) 

Tranylcypromine: 10 14.94% 1.24 

CYP2J2 

(Figure 4.4F) 

Terfenadine: 100 25.29% 1.49 

CYP3A5 

(Figure 4.4G) 

Ketoconazole: 200 27.59% 7.89 
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G) 

 
Figure 4.4. Inhibition of (A) CYP1A2, (B) CYP2A6, (C) CYP2B6, (D) CYP2C8, (E) CYP2E1, (F) 

CYP2J2, and (G) CYP3A5 by their respective positive inhibitors: -naphthoflavone (0, 1.56, 3.13, 

6.25, 12.5, 25, and 50 nM), tranylcypromine (0, 1.56, 3.16, 6.25, 12.5, 25, 50, and 100 nM), 

miconazole (0, 1.56, 3.16, 6.25, 12.5, 25, 50, 100, and 200 nM), montelukast (0, 0.31, 0.63, 1.25, 2.5, 

5, and 10 nM), tranylcypromine (0, 0.31, 0.63, 1.25, 2.5, 5, and 10 nM), terfenadine (0, 1.56, 3.13, 

6.25, 12.5, 25, 50, and 100 nM), and ketoconazole (0, 3.13, 6.25, 12.5, 25, 50, 100, and 200 nM). The 

data sets were generated by plotting the respective percentage of control activity (%) against the range 

of respective positive inhibitor’s concentration (g/mL) presented as logarithmic values. Percentage 

of control activity (%) denotes the remaining enzymatic activity based on the activity of the control 

reaction set at 100%. Each data point represents the mean ± SD (n=3). CYP cytochrome P450. 

 

Based on these results, it was concluded that all CYP isozyme’s enzymatic activity 

were inhibited by the probe inhibitors within the micromolar range (Krippendorff et al., 2007). 

The retrieved IC50 values fell within the range of previously reported IC50 values under the 

presence of respective positive inhibitors at a similar concentration (Table 4.7). Thus, it was 

confirmed that the established assays were valid and well developed to be employed in all 

subsequent inhibition screenings.  
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Table 4.7. Retrieved and reported IC50 values of CYP isozymes under the presence of their respective 

positive inhibitors. IC50 half maximal inhibitory concentration, CYP cytochrome P450.   

CYP 

Isozymes 

Positive 

Inhibitor 

Retrieved 

IC50 Values 

(nM) 

Reported 

IC50 Values 

(nM) 

Reference 

CYP1A2 

(Figure 4.4A) 

-

naphthoflavone 

4.21 3.0 – 20.0 (Dutour & Poirier, 

2017; Juvonen et al., 

2020; Marinas et al., 

2010) 

CYP2A6 

(Figure 4.4B) 

Tranylcypromine 2.99 0.40 - 3.0 (Dinger et al., 2016; 

Taavitsainen et al., 

2001; Zhang et al., 

2001) 

CYP2B6 

(Figure 4.4C) 

Miconazole 5.5 0.02 - 6.76  (Moody et al., 2015; 

Shibata et al., 2021; 

Thomford et al., 2016) 

CYP2C8 

(Figure 4.4D) 

Montelukast 2.70  0.5 - 3 (Jaakkola et al., 2006; 

Nagar et al., 2014; 

Walsky et al., 2005) 

CYP2E1 

(Figure 4.4E) 

Tranylcypromine 1.24 2.85 – 3.2 (Dinger et al., 2016; 

Taavitsainen et al., 

2001) 

CYP2J2 

(Figure 4.4F) 

Terfenadine 1.49 0.07 -13.6  (Khan et al., 2023; 

Lafite et al., 2007; Liu, 

2011) 

CYP3A5 

(Figure 4.4G) 

Ketoconazole 7.89 0.11 – 50.3 (Novotná et al., 2014; 

Vermeer et al., 2016; 

Weiss et al., 2022) 
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4.3.4 Determination of Half Maximal Inhibitory Concentration (IC50) 

A) 

 

B) 

 

C) 

 

Figure 4.5. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP1A2. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 

nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 
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A) 

 
B) 

 
C) 

 
Figure 4.6. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP2A6. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 

nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 
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A) 

 
B) 

 
C) 

 
Figure 4.7. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP2B6. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 

nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 
cytochrome P450, ZnO Zinc oxide. 



 

  79 

A) 

 
B) 

 
C) 

 
Figure 4.8. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP2C8. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 

nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 
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A) 

 
B) 

 
C) 

 
Figure 4.9. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP2E1. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 

nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 



 

  81 

A) 

 
B) 

 
C) 

 
Figure 4.10. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP2J2. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 
nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 
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A) 

 
B) 

 
C) 

 
Figure 4.11. Inhibitory effects of (A) ZnONP50, (B) ZnONP100, and (C) ZnOBP on CYP3A5. The 

data sets were generated by plotting the percentage of control activity (%) against the range of the 

respective ZnO particle’s concentration (µg/mL) presented as log concentration. Percentage of control 

activity (%) denotes the remaining enzymatic activity based on the activity of the control reaction set 

at 100%. Each data point represents the mean ± SD (n=3). ZnONP50 Zinc oxide nanoparticles <50 
nm, ZnONP100 Zinc oxide nanoparticles <100 nm, ZnOBP Zinc oxide bulk particles, CYP 

cytochrome P450, ZnO Zinc oxide. 
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IC50 values indicate the strength of an inhibitor: strong (IC50 < 1 µM), moderate (1 µM 

< IC50 < 10 µM), and weak (IC50 > 10 µM) (Krippendorff et al., 2007).  

In reference to CYP1A2 (Figure 4.5A, B, and C) and CYP2A6 (Figure 4.6A, B, and C), 

concentration-dependent decrease of activity was noted by ZnONP50, ZnONP100, and ZnOBP, 

however, the inhibition was negligible with IC50 values more than 100µg/mL as enzymatic 

activity remained over 50%.  Upon exposure to highest concentration of ZnONP50, ZnONP100, 

and ZnOBP, the enzymatic activity of CYP1A2 remained at 66.47%, 64.86%, and 88.14% 

respectively, and the enzymatic activity of CYP2A6 remained at 61.14%, 84.10%, and 92.19% 

respectively.  

Inhibition of CYP2B6 and CYP3A5 by ZnONP50, ZnONP100, and ZnOBP followed 

similar patterns. While all ZnO particles were able to elicit a concentration-dependent decrease 

of activity, the inhibition by ZnOBP of both CYP isozymes was negligible with IC50 values 

more than 100 µg/mL; enzymatic activity remained at 73.14% for CYP2B6 (Figure 4.7C) and 

71.83% for CYP3A5 (Figure 4.11C) upon exposure to the highest concentration. The 

significant inhibition of CYP2B6 and CYP3A5 by ZnONP50 yielded respective IC50 values of 

8.07 µg/mL and 21.34 µg/mL as their respective enzymatic activity remained at 45.37% 

(Figure 4.7A) and 15.36% (Figure 4.11A) upon exposure to the highest concentration. 

ZnONP50 was categorised as a moderate and weak inhibitor of CYP2B6 and CYP3A5 

respectively. The significant inhibition of CYP2B6 and CYP3A5 by ZnONP100 yielded 

respective IC50 values of 8.43 µg/mL and 7.93 µg/mL as their enzymatic activity remained at 

43.06% (Figure 4.7B) and 18.88% (Figure 4.11B) upon exposure to the highest concentration. 

ZnONP100 was categorised as a moderate inhibitor of CYP2B6 and CYP3A5.  

In regard to CYP2C8, concentration-dependent decrease of activity by ZnONP50 and 

ZnONP100 (Figure 4.8A and B) was observed; the enzymatic activity remained at 45% and 

56.51% upon exposure to the highest concentration of ZnONP50 and ZnONP100 respectively. 

The inhibition by ZnONP100 was negligible with IC50 values more than 100 µg/mL. IC50 value 

of 10.2 µg/mL was derived for ZnONP50, and it was categorised as moderate inhibitor of 

CYP2C8. Based on Figure 4.8C, concentration-dependent increase in activity was exhibited, 

with CYP2C8’s enzymatic activity increasing to 113.25% upon exposure to highest 

concentration of ZnOBP.  

Concentration-dependent decrease of activity of CYP2J2 by ZnONP50 and ZnONP100 

was observed. Significant inhibition by ZnONP50 and ZnONP100 yielded respective IC50 

values of 2.23 µg/mL and 23.25 µg/mL, as enzymatic activities remained at 46.91% (Figure 

4.10A) and 32.38% (Figure 4.10B) upon exposure to the highest concentrations of respective 
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ZnONPs. ZnONP50 and ZnONP100 were categorised as moderate and weak inhibitors of 

CYP2J2 respectively. Based on Figure 4.10C, concentration-dependent increase in activity was 

exhibited, with CYP2J2’s enzymatic activity increasing to 115.21% upon exposure to highest 

concentration of ZnOBP.  

All three categories of ZnO particles were able to inhibit CYP2E1 significantly (Figure 

4.9A, B, and C). Enzymatic activities remained at 27.56%, 44.01%, and 48.36% upon exposure 

to the highest concentration of ZnONP50, ZnONP100, and ZnOBP respectively; the ZnO 

particles yielded IC50 values of 4.85 µg/mL, 36.10 µg/mL, and 16.32 µg/mL. ZnONP50 was 

categorised as a moderate inhibitor of CYP2E1, while ZnONP100 and ZnOBP were 

categorised weak inhibitors.  

Applicable IC50 values for each CYP isozyme’s activity upon exposure to each type of 

ZnO particle (ZnONP50, ZnONP100, and ZnOBP) have been summarised below in Table 4.8.  
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Table 4.8. Summary of IC50 assay’ results for each CYP isozyme. IC50  half maximal inhibitory  

CYP 

Isozyme 

ZnO Particles IC50  

(µg/mL) 

CYP1A2 ZnONP50 177.0 

ZnONP100 142.3 

ZnOBP 634.2 

CYP2A6 ZnONP50 229.4 

ZnONP100 404.2 

ZnOBP 1029 

CYP2B6 ZnONP50 8.07  

ZnONP100 8.43  

ZnOBP 207.9 

CYP2C8 ZnONP50 10.2 

ZnONP100 101.65 

ZnOBP Unstable 

CYP2E1 ZnONP50 4.85  

ZnONP100 36.10  

ZnOBP 16.32  

CYP2J2 ZnONP50 2.12  

ZnONP100 23.25  

ZnOBP Unstable 

CYP3A5 ZnONP50 21.34  

ZnONP100 7.93  

ZnOBP 184.6 
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Figure 4.12. Evaluation of the size-dependent inhibition of CYP isozymes by ZnONP50, ZnONP100, 

and ZnOBP. ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 

nm, ZnOBP Zinc oxide bulk particles, CYP cytochrome P450. 

 

As reported previously, all CYP isozymes displayed concentration-dependent decrease 

in enzymatic activity by all sizes of ZnO particles with the exception of CYP2C8 and CYP2J2 

under the exposure of ZnOBP. Additionally, a comparison of the remaining enzymatic activity 

upon exposure to the highest concentration of various sized ZnO particles was conducted to 

determine where the inhibition occurred in a size-dependent manner (Figure 4.12). As seen 

above, CYP1A2, CYP2B6, and CYP2J2 were inhibited the most by ZnONP100. Whereas 

ZnONP50 was able to inhibit CYP2A6, CYP2C8, CYP2E1, and CYP3A5 at a larger capacity. 

Thus, it can be concluded that CYP2C8, CYP2E1, and CYP3A5 were inhibited in a size-

dependent manner.  
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4.3.5 Determination of IC50 Shift and Time-Dependent Inhibition  

Subsequent assays were conducted for all CYP isozymes with their respective ZnO 

particle whose enzymatic activity was reduced by 50% or more upon exposure to the highest 

concentration (100 µg/mL). To determine the potential of mechanism-based (time-dependent) 

inhibitory effects of ZnONP50, ZnONP100, and ZnOBP, IC50-shift for each pairing (CYP 

isozyme and ZnO particle) was calculated as the ratio of IC50 with pre-incubation to IC50 

without pre-incubation; IC50 with pre-incubation is denoted as ‘IC50 without NADPH’ and IC50 

without pre-incubation is denoted as ’IC50 with NADPH’ in Figure 4.13, 4.14, 4.15, 4.16, and 

4.17. All IC50-shift values have been summarised below in Table 4.9.  
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A) 

 
B) 

 
Figure 4.13. Time dependent inhibition of CYP2B6 by (A) ZnONP50 and (B) ZnONP100. The data 

sets were generated by plotting the percentage of control activity (%) against a range of ZnONPs’ 

concentrations (g/mL) presented as log concentration. IC50 with pre-incubation is denoted as ‘IC50 

without NADPH’ and IC50 without pre-incubation is denoted as ’IC50 with NADPH’. Percentage of 

control of activity (%) denotes the remaining enzymatic activity based on the activity of the control 

reaction set at 100%. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, 

ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 nm, IC50 half-

maximal inhibitory concentration, NADPH nicotinamide adenine dinucleotide phosphate. 
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Figure 4.14. Time dependent inhibition of CYP2C8 by ZnONP50. The data set was generated by 

plotting the percentage of control activity (%) against a range of ZnONPs’ concentrations (g/mL) 

presented as log concentration. IC50 with pre-incubation is denoted as ‘IC50 without NADPH’ and IC50 

without pre-incubation is denoted as ’IC50 with NADPH’. Percentage of control activity (%) denotes 

the remaining enzymatic activity based on the activity of the control reaction set at 100%. Each data 

point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc oxide nanoparticles 

<50 nm, IC50 half-maximal inhibitory concentration, NADPH nicotinamide adenine dinucleotide 

phosphate. 

 

 

A) 
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B) 

 
C) 

 
Figure 4.15. Time dependent inhibition of CYP2E1 by (A) ZnONP50, (B) ZnONP100, and (C) 

ZnOBP. The data sets were generated by plotting the percentage of control activity (%) against a 

range of ZnO particles’ concentrations (g/mL) presented as log concentration. IC50 with pre-

incubation is denoted as ‘IC50 without NADPH’ and IC50 without pre-incubation is denoted as ’IC50 

with NADPH’. Percentage of control activity (%) denotes the remaining enzymatic activity based on 

the activity of the control reaction set at 100%. Each data point represents the mean ± SD (n=3). CYP 
cytochrome P450, ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles 

<100 nm, ZnOBP Zinc oxide bulk particles, IC50 half-maximal inhibitory concentration, NADPH 

nicotinamide adenine dinucleotide phosphate. 
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A) 

 
B) 

 
Figure 4.16. Time dependent inhibition of CYP2J2 by (A) ZnONP50 and (B) ZnONP100. The data 
sets were generated by plotting the percentage of control activity (%) against a range of ZnONPs’ 

concentrations (g/mL) presented as log concentration. IC50 with pre-incubation is denoted as ‘IC50 

without NADPH’ and IC50 without pre-incubation is denoted as ’IC50 with NADPH’. Percentage of 

control of activity (%) denotes the remaining enzymatic activity based on the activity of the control 

reaction set at 100%. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, 

ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 nm, IC50 half-

maximal inhibitory concentration, NADPH nicotinamide adenine dinucleotide phosphate. 
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A) 

 
B) 

 
Figure 4.17. Time dependent inhibition of CYP3A5 by (A) ZnONP50 and (B) ZnONP100. The data 

sets were generated by plotting the percentage of control activity (%) against a range of ZnONPs’ 

concentrations (g/mL) presented as log concentration. IC50 with pre-incubation is denoted as ‘IC50 

without NADPH’ and IC50 without pre-incubation is denoted as ’IC50 with NADPH’. Percentage of 

control of activity (%) denotes the remaining enzymatic activity based on the activity of the control 

reaction set at 100%. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, 

ZnONP50 Zinc oxide nanoparticles <50 nm, ZnONP100 Zinc oxide nanoparticles <100 nm, IC50 half-

maximal inhibitory concentration, NADPH nicotinamide adenine dinucleotide phosphate. 
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Table 4.9. Summary of IC50-shift ratios for all CYP isozymes tested for mechanism-based inhibition 

by their respective ZnO particle. IC50  half maximal inhibitory concentration,   CYP cytochrome P450, 

ZnO zinc oxide. 

CYP Isozyme ZnO Particle Figure IC50-shift 

CYP2B6 ZnONP50 4.13A 4.79 

ZnONP100 4.13B 1.05 

CYP2C8 ZnONP50 4.14 2.84 

CYP2E1 ZnONP50 4.15A 0.47 

ZnONP100 4.15B 1.91 

ZnOBP 4.15C 1.21 

CYP2J2 ZnONP50 4.16A 2.19 

ZnONP100 4.16B 1.24 

CYP3A5 ZnONP50 4.17A 1.46 

ZnONP100 4.17B 1.24 

 

Based on Table 4.9, the pairings of ZnONP50 and CYP2B6, CYP2C8, and CYP2J2 

were able to yield a fold-shift greater than 2. Thus, ZnONP50 were categorised as time-

dependent inhibitor of these CYP isozymes.  

4.3.6 Determination of Ki and Mode of Inhibition  

 IC50 values were determined to collect quantitative information and to assess whether 

the three types of ZnO particles were able to inhibit the examined CYP isozymes in a size-

dependent manner (Cer et al., 2009). As IC50 value determination allows efficient screening 

owing to its requirement of minimal consumables and time, the previous assays were used to 

screen potential inhibition pairings. However, IC50-value based ranking of potential inhibitors’ 

potency, may be misleading as they depend on several factors such as the concentration of the 

substrate chosen. Additionally, IC50 values retrieved is dependent on the type of inhibition by 

reversible inhibitors (Georgakis et al., 2020). Thus, to compare the potency of inhibition of the 

different ZnO particles, Ki is preferred. Ki assays are more time consuming and require more 

consumables compared to IC50 assays, therefore they were only conducted with pairings which 

exhibited significant inhibitory potential (Table 4.8). Additionally, the IC50 assay results were 

used as a guide to decide the appropriate substrate and ZnO particle concentration for each 

CYP isozyme and ZnO particle pairing (Jeong et al., 2009). 
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A) 

 

B) 

 

Figure 4.18. A) Lineweaver-Burk plot of inhibition of CYP2B6 by ZnONP50 at the indicated 

concentrations of ZnONP50 (0, 6.25, 12.5, 25, and 50 µg/mL) and Vivid® Substrate (BOMCC) (2.5, 

5, 10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP50 concentration (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition constant, 

Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc oxide 

nanoparticles <50 nm, BOMCC 7-benzyloxymethyloxy-3-cyanocoumarin. 
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A) 

 

B) 

 

Figure 4.19. A) Lineweaver-Burk plot of inhibition of CYP2B6 by ZnONP100 at the indicated 

concentrations of ZnONP100 (0, 6.25, 12.5, 25, and 50 µg/mL) and Vivid® Substrate (BOMCC) (2.5, 

5, 10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP100 concentration (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition constant, 

Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP100 Zinc oxide 

nanoparticles <100 nm, BOMCC 7-benzyloxymethyloxy-3-cyanocoumarin. 

 

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

-20 -10 0 10 20 30 40 50 60

S
lo

p
e

[ZnONP100] µg/mL

Secondary Plot



 

  96 

A) 

 

B) 

 

Figure 4.20. A) Lineweaver-Burk plot of inhibition of CYP2C8 by ZnONP50 at the indicated 

concentrations of ZnONP50 (0, 6.25,12.5, 25, and 50 µg/mL) and Vivid® Substrate (DBOMF) (2.5, 5, 

10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP50 concentration (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition constant, 

Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc oxide 
nanoparticles <50 nm, DBOMF di-(benzyl-O-methyl)-fluorescein. 
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A 

 

B 

 

Figure 4.21. A) Lineweaver-Burk plot of inhibition of CYP2E1 by ZnONP50 at the indicated 

concentrations of ZnONP50 (0, 6.25, 12.5, 25, and 50 µg/mL) and Vivid® Substrate (EOMCC) (10, 

20, 40, and 80 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against 

the ZnONP50 concentration (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition 

constant, Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc 

oxide nanoparticles <50 nm, EOMCC 7-ehthoxy-methyloxy-3-cyano-coumarin. 
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A) 

 

B) 

 

Figure 4.22. A) Lineweaver-Burk plot of inhibition of CYP2E1 by ZnONP100 at the indicated 

concentrations of ZnONP100 (0, 12.5, 25, 50, and 100 µg/mL) and Vivid® Substrate (EOMCC) (10, 

20, 40, and 80 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against 

the ZnONP100 concentration  (0, 12.5, 25, 50, and 100 µg/mL) was used to derive the inhibition 

constant, Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP100 

Zinc oxide nanoparticles <100 nm, EOMCC 7-ehthoxy-methyloxy-3-cyano-coumarin. 
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A) 

 

B) 

 

Figure 4.23. A) Lineweaver-Burk plot of inhibition of CYP2E1 by ZnOBP at the indicated 

concentrations of ZnOBP (0, 6.25, 12.5, 25, and 50 µg/mL) and Vivid® Substrate (EOMCC) (10, 20, 

40, and 80 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnOBP concentration (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition constant, Ki. 

Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnOBP Zinc oxide bulk 

particles, EOMCC 7-ehthoxy-methyloxy-3-cyano-coumarin. 
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Figure 4.24. A) Lineweaver-Burk plot of inhibition of CYP2J2 by ZnONP50 at the indicated 

concentrations of ZnONP50 (0, 6.25, 12.5, 25, and 50 µg/mL) and Vivid® Substrate (MOBFC) (2.5, 

5, 10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP50 concentration  (0, 6.25, 12.5, 25, and 50 µg/mL) was used to derive the inhibition constant, 
Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc oxide 

nanoparticles <50 nm, MOBFC 7-P-methoxy-benzyloxy-4-trifluoro-coumarin. 
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Figure 4.25. A) Lineweaver-Burk plot of inhibition of CYP2J2 by ZnONP100 at the indicated 

concentrations of ZnONP100 (0, 12.5, 25, 50, and 100 µg/mL) and Vivid® Substrate (MOBFC) (2.5, 

5, 10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP100 concentration (0, 12.5, 25, 50, and 100 µg/mL) was used to derive the inhibition constant, 

Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP100 Zinc oxide 

nanoparticles <100 nm , MOBFC 7-P-methoxy-benzyloxy-4-trifluoro-coumarin. 
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Figure 4.26. A) Lineweaver-Burk plot of inhibition of CYP3A5 by ZnONP50 at the indicated 

concentrations of ZnONP50 (0,12.5, 25, 50, and 100 µg/mL) and Vivid® Substrate (BOMCC) (2.5, 5, 

10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot against the 

ZnONP50 concentration (0,12.5, 25, 50, and 100 µg/mL) was used to derive the inhibition constant, 

Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, ZnONP50 Zinc oxide 

nanoparticles <50 nm, BOMCC 7-benzyloxymethyloxy-3-cyanocoumarin. 
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Figure 4.27. A) Lineweaver-Burk plot of inhibition of CYP3A5 by ZnONP100 at the indicated 

concentrations of ZnONP100 (0, 6.25, 12.5, 25, 50, and 100 µg/mL) and Vivid® Substrate (BOMCC) 

(2.5, 5, 10, and 20 µM). B) Secondary plot derived from the slopes of the Lineweaver-Burk plot 

against the ZnONP100 concentration (0, 6.25, 12.5, 25, 50, and 100 µg/mL) was used to derive the 

inhibition constant, Ki. Each data point represents the mean ± SD (n=3). CYP cytochrome P450, 

BOMCC 7-benzyloxymethyloxy-3-cyanocoumarin. 
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The inhibition constant, Ki, and inhibition mode of ZnO particles on CYP isozymes 

were determined for CYP2B6 (ZnONP50 and ZnONP100), CYP2C8 (ZnONP50), CYP2E1 

(ZnONP50, ZnONP100, and ZnOBP), CYP2J2 (ZnONP50 and ZnONP100) and CYP3A5 

(ZnONP50 and ZnONP100).  

The standard curve equations derived from Figure A.4.1 to A.4.5 in the Appendix were 

used to calculate the formation of metabolites of the CYP isozymes under the presence of 

respective ZnO particles. The inhibition pattern of the ZnO particles were estimated from the 

Lineweaver-Burk plots, which were plotted as the linear regression reciprocal of the respective 

substrate concentrations against the reciprocal of the enzymatic velocities. For all CYP isozyme 

and ZnO particle pairings, the enzymatic activity diminished following a concentration-

dependent pattern. The equations and estimated mode of inhibition for each CYP isozyme and 

ZnO particle pairing have been summarised in the Appendix under Table A.4.2 and Table 4.10 

respectively. Secondary plots were generated by plotting the slopes from the primary 

Lineweaver-Burk plot against the concentration range of the respective ZnO particle. The 

equation obtained from the secondary plot was used to derive the Ki value. The Ki values 

yielded for each CYP isozyme and ZnO particle have been summarised under Table 4.10.  

Based on Table 4.10, ZnONP50 inhibited CYP2B6, CYP2E1, and CYP2J2 in a more 

potent manner when compared to the larger sized ZnONP100. Thus, it can be concluded, that 

these CYP isozymes were inhibited in a size-dependent manner.  
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Table 4.10. Summary of the modes of inhibition and Ki for all CYP isozymes under the presence of 

the respective ZnO particle. Ki  inhibition constant, CYP cytochrome P450, ZnO zinc oxide. 

CYP Isozyme ZnO Particle Figure  Mode of 

Inhibition 

Inhibition 

Constant 

(Ki)  

(g/mL) 

CYP2B6 ZnONP50 4.18A, 4.18B Mixed  20.33  

ZnONP100 4.19, 4.19B Mixed 6.67  

CYP2C8 ZnONP50 4.20A, 4.20B Competitive 43.33  

CYP2E1 ZnONP50 4.21A, 4.21B Mixed  16.63  

ZnONP100 4.22A, 4.22B Mixed 40.1  

ZnOBP  4.23A, 4.23B Competitive 28.3  

CYP2J2 ZnONP50 4.24A, 4.24B Non-competitive 8.18  

ZnONP100 4.25A, 4.25B Mixed or Non-

competitive 

20.0  

CYP3A5 ZnONP50 4.26A, 4.26B Non-competitive 2.54  

ZnONP100 4.27A, 4.27B Non-competitive 0.5  
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 Infiltrating a biological system allows foreign particles, such as NPs and BPs, to interact 

with various biomolecules (Ahsan et al., 2018). A leading of cause of NP-based toxicity is due 

to NP-protein interaction. NP-protein interaction may lead to conformational changes within 

the protein (Mukhopadhyay et al., 2018). These changes may influence a loss in the protein’s 

activity, leading to probable unfavorable outcomes (Prabantu et al., 2021).  

ZnONPs are an inorganic compound commonly used in several industrial fields 

(Siddiqi et al., 2018). Despite its beneficial roles, exposure to biological systems via different 

routes have demonstrated that ZnONPs are able to elicit detrimental effects (Vimercati et al., 

2020). Amongst commonly used engineered-metal oxide particles, ZnONPs have been 

categorised as one of the most toxic due to its low medial dose value (Chen et al., 2012). Bio-

available ZnONPs are able to permeate into the blood stream by the gastrointestinal tract; this 

property allows several organs, including the liver, to be influenced by its effects (Mittag et al., 

2022). 

The liver metabolises pharmaceutical drugs through the CYP system (Gilani & 

Cassagnol, 2021). The pharmacokinetics of drugs can be modified through the inhibition of 

CYP isozymes, which subsequently changes the intended metabolic process of the ingested 

medication. The alteration in the metabolic process may result in decreased clinical efficacy 

and/or adverse drug reactions (Deodhar et al., 2020). Additionally, decreased metabolism 

increases the bioavailability of the drug, as the clearance rate declines. This may lead to the 

manifestation of drug toxicity (Zhao et al., 2021).  

It is important to note that NPs have a higher number of atoms on their surface when 

compared to their respective BPs, which make them more reactive and responsive. Additionally, 

as a particle’s size decreases, its dispersion and transparency properties increase (Gupta & Xie, 

2018). These properties call into question whether the biological activity of ZnONPs may differ 

significantly from that of ZnOBP. This study evaluated the size-dependent inhibitory potential 

and the mode of inhibition of ZnONP50, ZnONP100, and ZnOBP at concentrations ranging 

from 3.13 µg/mL - 100 µg/mL on seven major drug metabolizing CYP isozymes: CYP1A2, 

CYP2A6, CYP2B6, CYP2C8, CYP2E1, CYP2J2, and CYP3A5.  

 There are several screening methods available to investigate the enzymatic activity of 

CYP isozymes, and they each have advantages and disadvantages associated with them. Some 

of these screening methods include: the usage of precision-cut liver slices (PCLS), high 

performance liquid chromatography (HPLC), luminescence-based assays, and fluorescence-

based assays (N. et al., 2023; Ung et al., 2018). 
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 PCLS retain all hepatic tissue and cells in their native environment including all 

intracellular and extracellular matrices (Dewyse et al., 2021). Due to the model’s retention of 

available metabolising enzymes, it allows researchers to use it to investigate hepatic 

metabolism. Despite its advantageous features allowing it to be used as an ex vivo model, PCLS 

have three major disadvantages. Firstly, as human donor tissue is scarce, there is high 

competition between researchers (De Graaf et al., 2010). Secondly, as the liver tissue’s quality 

differs from one individual to the next, the reproducibility of results is affected; the basal CYP 

isozyme expression can vary up to 500-fold (Dewyse et al., 2021). Lastly, PCLS undergo rapid 

damage and necrosis within 4-6 days of harvesting (De Graaf et al., 2010).  

In terms of HPLC, the assay mixture containing the required components (buffer, probe 

substrate, cofactors, and CYP isozymes) is incubated before the quantification of formed 

metabolites is conducted by the HPLC system. The results attained by HPLC are of high 

precision and sensitivity (Blum, 2014). However, the extraction procedure encompassing the 

removal of protein and other biomolecules from the sample is laborious. Additionally, a large 

assay volume and high concentration of the enzyme is necessary to reach the threshold required 

for optimal detection. Furthermore, HPLC assays require a substantial amount of time per 

sample (Petrova & Sauer, 2017). 

Luminescent-based assays utilise multi-well plates to quantify the enzymatic activity 

of CYP isozymes. These assays utilise luciferin derivatives as CYP isozyme’s probe substrates 

as they are luminogenic, which are metabolised into luciferin by the enzyme. Luciferin interacts 

with the surrounding luciferase and is able to produce a luminescent light (Kudryasheva & 

Kovel, 2019). While these assays are highly sensitive, effective, and cheap as they require 

minimal reagents, the activity readings are lower compared to the actual activity. The low 

readings occur due to low concentrations of the luminescent substrate used to obtain the 

optimal luminescent signal-to-noise ratio reading (Zaver et al., 2021).  

Fluorometric-based assays are carried out in multi-well plates to screen the inhibitory 

potential of various compounds on CYP isozymes. The assays require fluorogenic substrate 

probes which solubilise and form metabolites efficiently and possess minimal background 

fluorescence to quantify the enzyme’s activity. The required time to run multiple samples and 

to attain results is considerably short. As the requirement of reagents are minimal, fluorometric-

based assays are affordable (Wannigama et al., 2019). However, the assay requires the potential 

inhibitor to not exhibit fluorometric properties as to not interfere with the acquired results. 

Additionally, fluorometric readings may be skewed under the presence of excess NADPH, 

requiring additional experimental steps to remove the excess compound (Donato et al., 2004).    
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Considering the various advantages and disadvantages of each screening method, 

fluorometric-based assays were chosen as the optimal option. The disadvantages regarding 

fluorometric-based assays have been addressed by the Vivid® CYP450 Screening Kits. 

Vivid® CYP450 screening kits were utilised in this study for its distinct advantages. Firstly, 

BACULOSOMES® Plus Reagent’s express a singular isoform, which allow researchers to 

evaluate the individual enzymatic activity under the presence of test compounds, without the 

involvement and interference of other isozymes (Ozgenc, n.d.). Secondly, Vivid® Substrates 

were developed with blocked fluorophores, which eliminates substantial amounts of produced 

background fluorescence. Another advantage associated with Vivid® Substrates are their 

excitation and emission wavelengths as they do not interfere or intersect with those of NADPH. 

Thus, it does not interfere with metabolite level detection. In terms of metabolic reactions, 

Vivid® Substrates are composed of two sites for metabolic cleavage, which allows oxidation to 

occur at either site and to subsequently release the desired high fluorescent product. This 

characteristic contributes to the high rate of metabolic reaction. Additionally, Vivid® Substrates 

are highly soluble in aqueous solvents, which permits a reduced amount of solvent to be used; 

inhibitory effect of the solvent on the isozymes’ enzymatic activity is decreased as well 

(Ozgenc, n.d.). Lastly, as the kit employs fluorogenic high throughput screening methods to 

measure inhibition, loss of reagents and time required to obtain data is minimised (Marks et al., 

2002; Ung et al., 2018). 

 Reversible inhibition’ plausibility was investigated for each ZnO particle and CYP 

isozyme pairing using IC50 and Ki. IC50 provides quantitative information regarding the 

quantity of an inhibitor required to reduce the biomolecule’s metabolic activity by 50% (Aykul 

& Martinez-Hackert, 2016). Ki is an indicator of the inhibitor’s potency. Additionally, it allows 

researchers to graphically categorise the type of reversible inhibition exhibited by the inhibitor 

(Bachmann & Lewis, 2005).  

ZnONP50 reversibly inhibited CYP2B6 and CYP2E1 via mixed mode of inhibition.  

Reversible inhibition of CYP2C8 by ZnONP50 was evident via competitive mode of inhibition. 

Lastly, ZnONP50 reversibly inhibited CYP2J2 and CYP3A5 via non-competitive mode of 

inhibition. ZnONP100 reversibly inhibited CYP2B6 and CYP2E1 via mixed mode of 

inhibition. Reversible inhibition of CYP2J2 by ZnONP100 was evident via mixed or non-

competitive mode of inhibition. Lastly, ZnONP100 reversibly inhibited CYP3A5 via non-

competitive mode of inhibition. ZnOBP reversibly inhibited CYP2E1 via competitive mode of 

inhibition.  
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During competitive inhibition, the ZnO particle and the substrate compete for the 

mutual active site of the CYP isozyme. Once the ZnO particle is able to occupy the active site, 

it forms a CYP-ZnO particle complex, which inhibits the enzyme’s metabolic capabilities until 

the ZnO particle dissociates. Competitive inhibitors are usually structural analogs to the 

substrate but are unreactive. Competitive inhibition can be surmounted at any concentration by 

increasing the substrate’s concentration (Attaallah & Amine, 2021). During noncompetitive 

inhibition, the ZnO particle binds to the allosteric site instead of the active site of the CYP 

isozyme. This results in a conformational change of the active site of the CYP isozyme, which 

affects the substrate’s binding ability. Due to the structural change, noncompetitive inhibition 

cannot be surmounted by increasing the substrate’s concentration (Delaune & Alsayouri, 2022). 

During uncompetitive inhibition, the ZnO particle binds directly onto the enzyme-substrate 

complex, as the inhibitor does not have strong affinity towards free isozymes (Ramsay & 

Tipton, 2017). The underlying principle of mixed-type reversible inhibition suggests that the 

inhibitor, ZnO particle, is able to affect the binding of the substrate by blocking it and is able 

to reduce the velocity of the CYP isozyme’s catalytic reaction (Delaune & Alsayouri, 2022). 

All sub-types of reversible inhibition results in decreased metabolism and clearance of 

bioavailable drugs, which is a pharmacokinetic parameter (Deodhar et al., 2020). Clearance is 

defined as the amount of plasma, from which a substance is removed per unit of time. If the 

clearance rate of a prescribed medication is known, doctors and pharmacists are able to 

determine the correct dosage (concentration and time) required to maintain certain plasma 

levels to attain optimal therapeutic efficacy; clearance is important to determine the 

maintenance dose (Benet et al., 2021). An unexpected decrease in the drug’s clearance results 

in an increase of its half-life, which increases the drug’s bioavailability. Increased 

bioavailability may lead to unwanted side effects: inefficacy, adverse drug reactions, and 

toxicity (Price & Patel, 2022). 

As concluded based on Figure 4.12, CYP2B6, CYP2C8, CYP2E1, and CYP3A5 were 

inhibited in a size-dependent manner as the smallest sized ZnO particle elicited the strongest 

reversible inhibition towards these isozymes. Comparing the IC50 assay results with the Ki 

assay results, ZnONP50 exhibited the highest affinity towards CYP2B6, CYP2C8, CYP2E1, 

and CYP2J2. The outlier in this relationship is the CYP3A5 isozyme; ZnONP100 demonstrated 

stronger affinity towards the isozyme compared the smaller sized ZnONP50. Studies 

employing other variations of NPs yielded similar results; smaller sized NPs generated stronger 

reversible inhibition towards majority of the investigated CYP isozymes (Fröhlich et al., 2010; 
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Imai et al., 2014; Lamb et al., 2010; Sereemaspun et al., 2008; Warisnoicharoen et al., 2011; 

Yang et al., 2017).   

Inhibition of CYP isozymes may also occur in an irreversible manner (Tu et al., 2021). 

Irreversible inhibition is also termed mechanism-based inhibition which is observed as TDI. 

As presented in Table 4.9, only ZnONP50 was able to generate a fold shift greater than 2 for 

CYP2B6, CYP2C8, and CYP2J2. Thus, it was categorised as an irreversible inhibitor. Greater 

concern is associated with mechanism-based inhibition, as the clinical outcome and inhibition 

may be more profound and long-lasting, when compared to reversible inhibition (Rock & 

Wienkers, 2022). TDIs manifest via irreversible covalent or non-covalent tight binding, which 

results in the loss of the enzyme’s function. In a TDI, the degree of inhibition of the enzyme 

increases when it is incubated with the inhibitor prior to the addition of the substrate. It is 

important to note that irreversible inhibition persists despite the removal of the inhibitor (Tuley 

& Fast, 2018). Thus, TDIs involving CYP isozymes will display an amplified systematic 

exposure of co-administered drugs. An important example to note is mibefradil. Mibefradil is 

a mechanism-based inhibitor of CYP3A5. A low dosage of 50 mg prescribed once daily for 

three days is able to increase the plasma exposure of triazolam by nine-fold. Increased 

bioavailability of triazolam manifests as adverse symptoms including slurred speech, difficulty 

in breathing, seizures, and comas (Foti et al., 2011). 

In terms of understanding the mechanism of interaction between ZnO particles and 

CYP isozymes, there are three plausible explanations.  

The first mechanism focuses on the presence of oxygen groups in ZnO particles. The 

presence of oxygen molecules provides the particles with a negative surface charge, which 

allows them to create weak hydrogen bonds. Moreover, the oxygen molecular allow 

interactions sites to form between biomolecules via covalent and non-covalent bonding (Jiang 

et al., 2010; Limo et al., 2018). As confirmed through the EDX results, all three categories 

contained a substantial percentage of oxygen; ZnONP50 has the largest percentage of oxygen 

when compared to ZnONP100 and ZnOBP. This hypothesis supports the results retrieved in 

this study, as ZnONP50 were able to inhibit CYP2B6, CYP2C8, CYP2E1, and CYP3A5 in a 

size-dependent manner.  

CYP isozymes are monooxygenases, as they require an external electron donor to 

function (Gilani & Cassagnol, 2022). In terms of the microsomal CYP isozymes used in this 

study, the reductase was required to generate and transport electrons for the enzymatic reaction 

to proceed. NADPH serves as the electron source. The transfer of the electron results in the 

activation of the oxygen molecule, while exposing an atom on the substrate, which transpires 
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simultaneously with the reduction of the second atom (Sangar et al., 2013). ZnONPs ability to 

permeate the cellular membrane and to disrupt enzymatic activity may obstruct the electron 

transport chain required for the CYP isozyme to function, which can alter the cycles leading to 

potential inhibition (Nakamura & Watano, 2018; Zhang et al., 2021). 

ZnONPs’ high surface area allows the majority of ZnO molecules to be distributed 

across the surface of the particle. In an active state, the oxygen atoms are able to form bonds 

with hydrogen atoms, leading to the dissolution of zinc ions. The reaction equation is as follows: 

ZnO + 2H+
→ Zn2+ + H2O (Yang & Xie, 2006). As the dissolution and release rate of Zn2+ and 

the size of ZnO particles share a negative correlation, it is expected that the release rate is faster 

for smaller size ZnO particles when compared to their larger counterparts (Seray et al., 2021). 

As the dissolution of Zn2+ from ZnO particles is a key mechanism of its toxicity, it is 

hypothesised that it plays a role in its inhibition activity as well. Additionally, the increased 

rate of Zn2+ release from smaller sized ZnO particles, may explain the stronger inhibitory 

potential exhibited by ZnONP50 in this study.  

This study has established that ZnO particles of various sizes, notably the smallest sized 

ZnONP50, were able to notably inhibit the metabolic function of various CYP isozymes, 

leading to an increased plausibility of adverse drug reactions of co-administered drugs. Thus, 

it is important to take note of a few commonly used clinical medications that are susceptible to 

CYP isozymes’ inhibition consequences.  

Efavirenz, a commonly prescribed human immunodeficiency virus (HIV) treatment, is 

a non-nucleoside reverse transcriptase inhibitor. As efavirenz has a narrow therapeutic window, 

the difference between the therapeutic plasma concentration and the toxic plasma concentration 

is slim (Tadesse et al., 2022). It undergoes hepatic metabolism by CYP2B6 into 8-hydroxy-

efavirenz and 7-hydroxy-efavirenz. If inhibited, the plasma concentration of efavirenz is 

significantly higher than intended (Naidoo et al., 2014). Elevated plasma levels of the parent 

drug elicit adverse side effects: neurotoxicity and hepatic injury. Additionally, drug resistance 

may present as well (Hedrich et al., 2016). 

Paclitaxel is a chemotherapeutic agent used to treat various types of solid cancers 

including breast, ovarian, and lung cancer (Wang & Du, 2022). Paclitaxel’s metabolism occurs 

via oxidative metabolism within the liver by the CYP2C8 isozyme. CYP2C8 is primarily 

responsible for metabolizing paclitaxel into its primary metabolite, 6-α-hydroxypaclitaxel 

(Nakajima et al., 2005). As the therapeutic efficacy of paclitaxel depends on the metabolism of 

the parent compound into its metabolite, inhibition of CYP2C8’s metabolic activity would 

significantly reduce the intended therapeutic efficacy. Additionally, the increased serum 
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concentration of the parent compound incites side effects including nausea, inflammation, and 

muscle pain (Wang & Du, 2022). 

Halothane is an inhalation anesthetic used for inducing and maintaining general 

anesthesia. It is able to reduce the patient’s blood pressure, pulse rate, and respiration rate 

(Gyorfi & Kim, 2022). Halothane is hepatically metabolised primarily by CYP2E1. CYP2E1’s 

inhibition post-halothane administration commonly results in hepatoxicity. Adverse 

consequences of increased bioavailable halothane include hepatitis, liver failure, and cardiac 

instability (Huang et al., 2017). 

Tacrolimus is an immunosuppressive medication, which is prescribed to patients 

undergoing organ transplantation, mainly renal transplants. It acts as a calcineurin inhibitor and 

is able to prevent T-cell activation via inhibiting phosphate calcineurin. It is able to reduce the 

risk of graft rejections (Venkataramanan et al., 1995). As it has a narrow therapeutic window, 

the optimum dosage and plasma concentration is required for the drug to function properly. 

Tacrolimus is hepatically metabolised primarily by CYP3A5. Inhibition of CYP3A5 results in 

decreased metabolism, which subsequently leads to an increased plasma concentration 

resulting in neurotoxicity and/or nephrotoxicity. Additionally, elevated plasma levels of 

tacrolimus have resulted in patients experiencing graft dysfunction and rejection (Khan et al., 

2020). 

Despite the notable results yielded from this study, it is important to address to two 

major limitations of the project. Firstly, as seen in the FESEM results, despite sonicating the 

ZnO particles to ensure complete dispersion prior to imaging, it is evident that all three sizes 

of ZnO particles displayed agglomeration and/or accumulation. Agglomeration of 

nanoparticles is known to occur due to the attraction of the particles to each other by weak 

forces. This leads to the formation of micron-sized entities. Nanoparticle aggregation may arise 

as a result of covalent and/or metabolic bonds forming between particles (Gosens et al., 2010). 

As a key component of this study focused on investigating the size-dependent inhibitory 

potential of ZnO particles, the formation of ZnO particle clusters may have amplified and/or 

compressed the actual inhibitory potential of the various sizes. To overcome this issue, it is 

suggested that the sonication process needs to be further optimized. Time, power, and 

temperature are the key components of the sonication process. It is important to overcome the 

aggregation issue, while ensuring no damage is done upon the particle’s surface affecting its 

surface properties (Kaur et al., 2017). Secondly, as ZnO particles were directly introduced to 

the CYP isozymes in vitro, the assays conducted were not able to accurately imitate the actual 

oral, dermal, and/or inhalation of ZnOBP and ZnONPs that occur in the day-to-day life. ZnO 
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exposure via the three routes involves the mouth, stomach, blood stream, and the small 

intestines primarily (Mittag et al., 2022; Mittag et al., 2022). Thus, it is vital to investigate the 

size-dependent inhibitory effect of ZnO particles using a model which is able to imitate 

intestinal absorption to yield translatable clinical results. A proposed solution to overcome this 

limitation is the use of parallel artificial membrane permeability assays (PAMPA). PAMPA 

assays allow researchers to predict the transcellular passive absorption via artificial lipophilic 

membranes, which imitate the membrane barriers within the small intestines (Sun et al., 2017). 

For a better understanding of the inhibitory relationship between ZnO particles and 

CYP isozymes, in silico studies are recommended, as molecular docking will allow researchers 

to model the interaction between the ZnO particle and the CYP isozyme at the atomic level. 

This will allow researchers to characterise the behavior of the ZnO particle near the active site 

of the target protein, and to further understand the underlying biochemical mechanism of the 

interaction (Meng et al., 2011). For clinically translatable results, in vivo studies using suitable 

models are required.  

4.4 Conclusion  

 This chapter reported that ZnONP50 was able to strongly inhibit CYP2B6, CYP2C8, 

CYP2E1 and CYP2J2 in a size-dependent manner, while ZnONP100 demonstrated stronger 

inhibitory effects towards CYP3A5. Moreover, ZnONP50 was able to exert an irreversible 

inhibitory effect towards CYP2B6, CYP2C8, and CYP2J2. The findings of this chapter 

encourage additional in silico and in vivo studies to be carried out to better understand ZnONPs’ 

inhibitory mechanism towards CYP isozymes.  
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Appendix  

Table A.3.1.  Solutions of chemical used for maintenance and assay of C. elegans.  C. elegans 
Caenorhabditis elegans. 

Solute Solvent Solution Concentration  

CaCl2 Autoclaved water 1M 

MgSO4 Autoclaved water 1M 

KPO4 Autoclaved water 1M 

Streptomycin Autoclaved water 100 mg/mL 

Carbenicillin Autoclaved water 100 mg/mL 

Cholesterol Absolute ethanol (99.99%) 5 mg/mL 

IPTG Autoclaved water 1 M 

Ampicillin Autoclaved water 100 mg/mL 

 
 

Table A.3.2. Composition of NGM Agar. NGM nematode growth medium. 

Constituents Final Concentration/100 mL of water 

Pre-Autoclave 

Bacteriological Agar 2.0/100 (g/mL) 

Bacteriological Peptone 0.25/100 (g/mL) 

NaCl 0.3/100 (g/mL) 

Post-Autoclave 

KPO4 2.5/100 (L/mL) 

CaCl2 100/100 (L/mL) 

 Cholesterol 

MgSO4 

Streptomycin 

Carbenicillin 

IPTG 

Ampicillin 

FUDR 2.0/100 (g/mL) 

 a constituent of all maintenance and reproductive capacity assay plates  
 a constituent of all pharyngeal pumping rate and lifespan assay plates  
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Table A.3.3. Composition of LB Agar. LB Lysogeny broth. 

Constituents Final Concentration/100 mL of water 

Pre-Autoclave 

LB Agar Powder 3.5/100 (g/mL) 

Post-Autoclave 

Streptomycin 100/100 (L/mL) 

 

Table A.3.4. Composition of Lysis Buffer.   

Constituents Final Concentration/100 mL of water 

Clorox 80/100 (mL/mL) 

NaOH 20/100 (mL/ML) 

 

Table A.3.5. Composition of Freezing Solution.  

Constituents Final Concentration/100 mL of water 

Pre-Autoclave 

NaCl 0.59/100 (g/mL) 

KH2PO4 0.68/100 (g/mL) 

Glycerol 23.74/100 (mL/mL) 

NaOH 0.56/100 (mL/mL) 

Post-Autoclave  

MgSO4 0.3/100 (mL/mL) 

 

Table A.3.6. Composition of M9 Buffer. 

Constituents Final Concentration/100 mL of water 

Pre-Autoclave 

NaCl 0.5/100 (g/mL) 

KH2PO4 0.3/100 (g/mL) 

Na2HPO4 0.6/100 (g/mL) 

Post-Autoclave 

MgSO4 100/100 (L/mL) 
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Table A.3.7 Volume of components in 20 L cDNA synthesis reaction. cDNA complementary 

deoxyribonucleic acid. 

Component Volume (L) 

Nuclease-Free Water To a total volume of 20 L 

Template RNA Dependent on RNA concentration  

5X ProtoScript II Buffer 4 

0.1M DTT 2 

Oligo D(T)23VN (50 M) 2 

Protoscript II RT (200 U/L) * 1 

10 mM dNTP Mix* 1 

RNase Inhibitor (40 U/L)  0.2 

*Protoscript II RT (Protoscript II Reverse Transcriptase) 

  dNTP (deoxynucleotide triphosphates)   

 

Table A.3.8. Settings for thermal cycler (cDNA synthesis). cDNA complementary deoxyribonucleic 

acid. 

Temperature Time  

65C 5 minutes 

42C 60 minutes 

65C 20 minutes 

4C  

 
Table A.3.9. Volume of components in 20 L PCR reaction. PCR polymerase chain reaction. 

Component Volume (L) 

Nuclease-Free Water 12.6 

Template DNA 1  

10X Standard Taq Reaction Buffer 2 

10 mM dNTP Mix 1.6 

10 M Forward Primer 1 

10 M Reverse Primer 1 

MgCl2  0.4 

Taq DNA Polymerase  0.4 
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Table A.3.10. Settings for the thermal cycler (PCR reaction). PCR polymerase chain reaction. 

Step Time Temperature (C) 

Initial Denaturation 5 minutes 95 

Denaturation 30 seconds 95 

Annealing 30 seconds 60 

Extension 45 seconds 72 

Final Extension 5 minutes 72 

Hold  4 

 

Table A.3.11. Progeny laid by L4 N2 at 16°C post-exposure to ZnONP50. L4 fourth larval stage, N2 
Bristol strain N2, ZnONP50 zinc oxide nanoparticles (<50 nm). 

Treatment  

Group 

(µg/mL) 

Time (Hours) Total 

Number of 

Progeny 

24 Hours  

 

48 Hours  

 

72 Hours  

 

Control 7.07 ± 0.81 20.20 ± 6.20 38.93 ± 1.79 66.2 

Vehicle Control 5.73 ± 0.31 

(p=0.2396)  

10.27 ± 0.50 

(p=0.3491) 

20.73 ± 2.91 

(p=0.2871) 

36.73 

1  4.47 ± 0.50 

(p=0.0480) * 

10.87 ± 0.48 

(p<0.0001) * 

19.40 ± 1.78 

(p<0.0001) * 

34.74 

10  3.47 ± 0.29 

(p=0.0064) * 

9.67 ± 0.12 

(p<0.0001) * 

16.93 ± 0.31 

(p<0.0001) * 

30.07 

100  2.53 ± 0.30 

(p=0.006) * 

7.40 ± 0.60 

(p<0.0001) * 

15.33 ± 1.03 

(p<0.0001) * 

25.26 

1000  1.33 ± 0.31 

(p<0.0001) * 

5.13 ± 0.32 

(p<0.0001) * 

9.40 ± 0.87 

(p<0.0001) * 

15.86 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.12. Progeny laid by L4 N2 at 16°C post-exposure to ZnONP100. L4 fourth larval stage, N2 
Bristol strain N2, ZnONP100 zinc oxide nanoparticles (<100 nm). 

Treatment  

Group 

(µg/mL) 

Time (Hours) Total 

Number of 

Progeny 

24 Hours 

 

48 Hours 

 

72 Hours  

 

Control 7.13 ± 3.33 25.00 ± 1.39 37.73 ± 1.67 69.86 

Vehicle Control 5.80 ± 2.27 

(p=0.1985) 

12.60 ± 0.92 

(p=0.1972) 

18.87 ± 0.61 

(p=0.1969) 

32.27 

1  4.67 ± 2.16 

(p=0.0376) * 

13.27 ± 1.63 

(p<0.0001) * 

18.27 ± 0.31 

(p<0.0001) * 

36.21 

10  3.67 ± 1.47 

(p=0.0036) * 

12.13 ± 2.70 

(p<0.0001) * 

17.00 ± 0.20 

(p<0.0001) * 

32.8 

100  2.47 ± 0.90 

(p<0.0001) * 

10.93 ± 1.30 

(p<0.0001) * 

15.8 ± 0.40 

(p<0.0001) * 

29.2 

1000  1.27 ± 0.31 

(p<0.0001) * 

5.40 ± 2.03 

(p<0.0001) * 

8.07 ± 1.14 

(p<0.0001) * 

14.74 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.13. Progeny laid by L4 N2 at 16°C post-exposure to ZnOBP. L4 fourth larval stage, N2 
Bristol strain N2, ZnOBP zinc oxide bulk particles. 

Treatment  

Group 

(µg/mL) 

Time (Hours) Total 

Number of 

Progeny 

24 Hours  

 

48 Hours  

 

72 Hours  

 

Control 4.53 ± 0.50 11.27 ± 0.61 38.53 ± 0.64 54.33 

Vehicle Control 4.32 ± 0.61 

(p=0.8848) 

20.27 ± 0.46 

(p=0.450) 

36.57 ± 0.12 

(p=0.7848) 

61.16 

1  4.21 ± 0.53 

(p=0.8798) 

9.94 ± 0.76 

(p=0.0006) * 

33.46 ± 0.70 

(p<0.0001) * 

47.61 

10  4.28 ± 0.12 

(p=0.8848) 

9.32 ± 0.72 

(p<0.0001) * 

35.00 ± 0.61 

(p<0.0001) * 

48.6 

100  4.41 ± 0.35 

(p=0.8848) 

10.10 ± 0.31 

(p=0.0020) * 

32.99 ± 0.31 

(p<0.0001) * 

47.5 

1000  4.25 ± 0.31 

(p=0.8848) 

9.54 ± 0.42 

(p<0.0001) * 

33.21 ± 0.87 

(p<0.0001) * 

47 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.14. Average pharyngeal pumping rate of L4 N2 post-exposure to ZnONP50. L4 fourth 

larval stage, N2 Bristol strain N2, ZnONP50 zinc oxide nanoparticles (<50 nm). 

Treatment 

Group 

(µg/mL) 

Time  

4 Hours 24 Hours 48 Hours 72 Hours 96 Hours 

Control 23.05 ± 2.03 23.10 ± 2.60 22.98 ± 2.74 23.10 ± 2.04 23.96 ± 2.09 

Vehicle 

Control 

22.99 ± 2.13 

(p=0.9978) 

23.10 ± 1.69 

(p>0.9999) 

22.91 ± 1.47 

(p=0.9981) 

23.20 ± 2.55 

(p=0.9477)  

23.01 ± 1.84 

(p=0.523) 

1  23.00 ± 0.31 

(p=0.9987) 

22.98 ± 0.18 

(p=0.9913) 

22.99 ± 0.22 

(p=0.9970) 

22.70 ± 0.75 

(p=0.9447) 

22.93 ± 0.95 

(p=0.5324) 

10  22.77 ± 1.17 

(p=0.9900) 

22.68 ± 1.05 

(p=0.9679) 

22.69 ± 0.66 

(p=0.9890) 

22.59 ± 0.84 

(p=0.9447) 

22.5 ± 1.09 

(p=0.3993) 

100  22.49 ± 1.19 

(p=0.9704) 

21.60 ± 1.80 

(p=0.4664) 

20.92 ± 1.69 

(p=0.1729) 

20.00 ± 1.43 

(p=0.0120) * 

18.8 ± 2.35 

(p<0.0001) * 

1000  22.35 ± 1.84 

(p=0.9672) 

21.44 ± 1.63 

(p=0.4333) 

19.93 ± 1.27 

(p=0.0173) * 

18.43 ± 1.30 

(p<0.0001) * 

17.5 ± 1.13 

(p<0.0001) * 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.15. Average pharyngeal pumping rate of L4 N2 post-exposure to ZnONP100. L4 fourth 

larval stage, N2 Bristol strain N2, ZnONP100 zinc oxide nanoparticles (<100 nm). 

Treatment 

Group 

(µg/mL) 

Time  

4 Hours 24 Hours 48 Hours 72 Hours 96 Hours 

Control 22.97 ± 2.03 22.98 ± 2.60 23.07 ± 2.74 23.00 ± 2.04 23.02 ± 2.09 

Vehicle 

Control 

22.93 ± 2.13 

(p=0.999) 

22.97 ± 1.69 

(p=0.9937) 

23.02 ± 1.47 

(p=0.9611) 

23.00 ± 2.55 

(p>0.9999) 

22.99 ± 1.84 

(p=0.9990) 

1  23.00 ± 0.31 

(p=0.9990) 

22.80 ± 0.18 

(p=0.9973) 

22.80 ± 0.22 

(p=0.9569) 

22.90 ± 0.75 

(p=0.9940) 

22.98 ± 0.95 

(0.9990) 

10  21.90 ± 1.17 

(p=0.7059) 

22.80 ± 1.05 

(p=0.9973) 

22.50 ± 0.66 

(p=0.9251) 

22.30 ± 0.84 

(p=0.8714) 

22.0 ±1.08 

(p=0.6868) 

100  21.70 ± 1.19 

(p=0.7059) 

21.80 ± 1.80 

(p=0.6855) 

20.70 ± 1.69 

(p=0.0861) 

19.50 ± 1.43 

(p=0.0034) *  

19.1 ± 2.35 

(p=0.0008) * 

1000  21.80 ± 1.84 

(p=0.7057) 

20.50 ± 1.63 

(p=0.0815) 

19.80 ± 1.27 

(p=0.0089) * 

18.90 ± 1.39 

(p=0.0005) * 

18.30 ± 1.13 

(p<0.0001) * 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 

Table A.3.16. Average pharyngeal pumping rate of L4 N2 post-exposure to ZnOBP. L4 fourth larval 

stage, N2 Bristol strain N2, ZnOBP zinc oxide bulk particles. 

Treatment 

Group 

(µg/mL) 

Time  

4 Hours 24 Hours 48 Hours 72 Hours 96 Hours 

Control 22.93 ± 2.03 22.97 ± 2.60 23.02 ± 2.74 23.00 ± 2.04 22.99 ± 2.10 

Vehicle 

Control 

22.97 ± 2.13 

(p=0.9959) 

22.98 ± 1.69 

(p=0.9922) 

23.07 ± 1.47 

(p=0.9611) 

22.98 ± 2.55 

(p>0.9999) 

23.02 ± 1.84 

(p=0.9767) 

1  22.73 ± 0.31 

(p=0.9959) 

22.68 ± 0.18 

(p=0.9634) 

22.70 ± 0.22 

(p=0.9400) 

22.78 ± 0.75 

(p=0.9712) 

22.69 ± 0.95 

(p=0.9471) 

10  22.67 ± 1.17 

(p=0.9959) 

22.53 ± 1.05 

(p=0.9634) 

22.46 ± 0.66 

(p=0.9287) 

21.93 ± 0.84 

(p=0.6538) 

21.8 ± 1.09 

(p=0.5734) 

100  22.60 ± 1.20 

(p=0.9960) 

22.07 ± 1.80 

(p=0.8531) 

21.87 ± 1.69 

(p=0.7056) 

21.53 ± 1.43 

(p=0.4865) 

21.27 ± 2.35 

(p=0.3286) 

1000  22.47 ± 1.84 

(p=0.9950) 

21.93 ± 1.93 

(p=0.8454) 

21.67 ± 1.27 

(p=0.6505) 

21.20 ± 1.30 

(p=0.3450) 

20.27 ± 1.13 

(p=0.0435) * 

*p-value indicate statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.17. Effect of ZnONP50 on the lifespan of N2 (mean ± SD, n=3). ZnONP50 zinc oxide 

nanoparticles (<50 nm), N2 Bristol strain N2. 

Treatment Group Mean Lifespan 

(Days) 

% of Control Maximum Lifespan 

(Days) 

Control 16.67 ± 5.09 100% 25.67 ± 1.15 

Vehicle Control 15.43 ± 4.93 92.56% 

(p=0.0733) 

24.67 ± 1.53 

1 µg/mL 15.84 ± 5.79 95.02% 

(p=0.5370) 

24 ± 2.65 

10 µg/mL 14.93 ± 4.15 89.56% 

(p=0.0058) * 

23 ± 2 

100 µg/mL 11.41 ± 4.22 68.45% 

(p<0.0001) * 

19.67 ± 1.53 

1000 µg/mL 11.91 ± 4.61 71.45% 

(p<0.0001) * 

19.33 ± 0.58 

*p-value indicates statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 

 

Table A.3.18. Effect of ZnONP100 on the lifespan of N2 (mean ± SD, n=3). ZnONP100 zinc oxide 

nanoparticles (<100 nm), N2 Bristol strain N2. 

Treatment Group Mean Lifespan 

(Days) 

% of Control Maximum Lifespan 

(Days) 

Control 18.31 ± 4.69 100% 26.0 ± 2 

Vehicle Control 17.33 ± 5.54 94.65% 

(p=0.5852) 

24.67 ± 0.58 

1 µg/mL 18.26 ± 4.84 99.73% 

(p=0.8751) 

26 ± 1.73 

10 µg/mL 17.9 ± 4.20 97.76% 

(p=0.4725) 

25.33 ± 0.58 

100 µg/mL 15.31 ± 5.06 83.62% 

(p=0.0011) * 

23.0 ± 3 

1000 µg/mL 14.38 ± 5.41 78.54% 

(p<0.0001) * 

23.33 ± 0.58 

*p-value indicates statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.19. Effect of ZnOBP on the lifespan of N2 (mean ± SD, n=3). ZnOBP zinc oxide bulk 

particles, N2 Bristol strain N2. 

Treatment Group Mean Lifespan 

(Days) 

% of Control Maximum Lifespan 

(Days) 

Control 18.81 ± 3.94 100.00%  26.33 ± 2.08 

Vehicle Control 19.61 ± 4.64 104.26% 

(p=0.0939) 

26.67 ± 0.58 

1 µg/mL 20.07 ± 4.70  106.70% 

(p=0.0057) * 

26.33 ± 1.53 

10 µg/mL 17.9 ± 5.22  95.16% 

(p=0.6475) 

25.0 ± 2.0 

100 µg/mL 18.1 ± 4.61 98.23% 

(p=0.9343) 

25.67 ± 1.53 

1000 µg/mL 17.34 ± 5.59 92.19%  

(p=0.8764) 

24.67 ± 1.53 

*p-value indicates statistically significant difference between the respective treatment groups and the control 

treatment group (p<0.05) 
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Table A.3.20. Densitometric analysis of 2% agarose gels containing cep-1 DNA bands under different 

ZnO particle treatments and the 500bp marker. DNA deoxyribonucleic acid, ZnO zinc oxide, bp base 

pairs. 

Replicate ZnONP50 ZnONP100 ZnOBP Untreated 

(Control) 

500 bp 

Marker 

1 30625.525 13227.744 11997.673 5765.104 1125681.1 

2 26099.434 11861.501 10879.43 4731.276 113515.332 

3 26536.383 12455.915 11845.087 4700.619 120247.683 
 

Table A.3.21. Densitometric analysis of 2% agarose gels containing pmk-1 DNA bands under 

different ZnO particle treatments and the 500bp marker. DNA deoxyribonucleic acid, ZnO zinc oxide, 

bp base pairs. 

Replicate ZnONP50 ZnONP100 ZnOBP Untreated 

(Control) 

500 bp 

Marker 

1 33366.726 15921.714 12596.693 3662.205 138000.663 

2 32210.605 16073.785 12703.815 3938.376 138521.763 

3 30693.534 14580.371 12085.572 3201.134 130797.177 
 

Table A.3.22. Densitometric analysis of 2% agarose gels containing tba-1 DNA bands under different 

ZnO particle treatments and the 500bp marker. DNA deoxyribonucleic acid, ZnO zinc oxide, bp base 

pairs. 

Replicate ZnONP50 ZnONP100 ZnOBP Untreated 

(Control) 

500 bp 

Marker 

1 23934.484 12838.744 29034.205 35329.617 105589.023 

2 18415.099 11624.179 16875.134 30347.889 118688.914 

3 19205.392 10235.673 17928.719 27458.454 114124.357 
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Figure A.4.1. Standard curve for Vivid® CYP450 Reaction Buffer I. Data set was generated by 

plotting the fluorescent reading of the metabolites formed from the metabolism of Vivid® Fluorescent 

Blue Standard against a range of its concentrations (500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 0 

nM). Each data point represents the mean ± SD (n=3). 

 

 
Figure A.4.2. Standard curve for Vivid® CYP450 Reaction 0.5X Buffer II. Data set was generated by 

plotting the fluorescent reading of the metabolites formed from the metabolism of Vivid® Fluorescent 

Blue Standard against a range of its concentrations (500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 0 

nM). Each data point represents the mean ± SD (n=3). 
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Figure A.4.3. Standard curve for Vivid® CYP450 Reaction Buffer II. Data sets were generated by 

plotting the fluorescent reading of the metabolites formed from the metabolism of Vivid® Fluorescent 

Green Standard against a range of its concentrations (500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 0 

nM). Each data point represents the mean ± SD (n=3). 

 

 

 
Figure A.4.4. Standard curve for Vivid® CYP450 Reaction Buffer II. Data sets were generated by 

plotting the fluorescent reading of the metabolites formed from the metabolism of Vivid® Fluorescent 

Cyan Standard against a range of its concentrations (500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 0 

nM). Each data point represents the mean ± SD (n=3). 
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Figure A.4.5. Standard curve for Vivid® CYP450 Reaction Buffer III. Data set is generated by 

plotting the fluorescent reading of the metabolites formed from the metabolism of Vivid® Fluorescent 

Blue Standard against a range of its concentrations (500, 250, 125, 62.5, 31.25, 15.63, 7.81, and 0 

nM). Each data point represents the mean ± SD (n=3). 

 
Table A.4.1. Summary of generated equations for each Vivid® CYP450 Reaction Buffer and Vivid® 

Fluorescent Standard’ standard curve and its respective applicable CYP isozyme. CYP cytochrome 

P450. 

Vivid® CYP450 

Reaction 

Buffer 

Vivid® 

Fluorescent 

Standard 

Generated Equation 

 

Applicable CYP 

Isozyme 

Buffer I Blue 𝑦 = 0.0065𝑥 + 0.0329 CYP1A2, CYP2B6, and 

CYP3A5 

0.5X Buffer II Blue 𝑦 = 0.0054𝑥 − 0.0046 CYP2A6 

Buffer II Cyan 𝑦 = 0.0002𝑥 − 0.0094 CYP2J2 

Green 𝑦 = 0.0075𝑥 + 0.0026. CYP2C8 

Buffer III Blue 𝑦 = 0.006𝑋 − 0.0177 CYP2E1 
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Table A.4.2. Equations obtained from Lineweaver-Burk Plots of CYP isozyme and respective ZnO 

particle pairings. CYP cytochrome P450, ZnO zinc oxide. 

CYP 

Isozyme 

ZnO 

Particle 

Concentration 

(µg/mL) 

Lineweaver-Burk Plot Equation 

CYP2B6 ZnONP50 0 (Control) 𝑦 = 0.0063𝑥 + 0.0004 

6.25 𝑦 = 0.0085𝑥 + 0.0003 

12.5 𝑦 = 0.0111𝑥 + (6 × 10−5) 

25 𝑦 = 0.0115𝑥 + 0.0002 

50 𝑦 = 0.023𝑥 − 0.005 

ZnONP100 0 (Control) 𝑦 = 0.0039𝑥 + 0.0006 

6.25 𝑦 = 0.005𝑥 + 0.0007 

12.5 𝑦 = 0.0055𝑥 + 0.0007 

25 𝑦 = 0.0064𝑥 + 0.0007 

50 𝑦 = 0.0214𝑥 − 0.006 

CYP2C8 ZnONP50 0 (Control) 𝑦 = 0.0017𝑥 + 0.0004 

6.25 𝑦 = 0.0060𝑥 + 0.0002 

12.5 𝑦 = 0.0062𝑥 + 0.0003 

25 𝑦 = 0.0063𝑥 + 0.0003 

50 𝑦 = 0.0079𝑥 + 0.0002 

CYP2E1 ZnONP50 0 (Control) 𝑦 = 2.618𝑥 + 0.0105 

6.25 𝑦 = 2.8648𝑥 + 0.0082 

12.5 𝑦 = 3.027𝑥 + 0.0149 

25 𝑦 = 3.4807𝑥 + 0.0142 

50 𝑦 = 8.3854𝑥 − 0.0533 

ZnONP100 0 (Control) 𝑦 = 1.8594𝑥 + 0.00395 

12.5 𝑦 = 2.0188𝑥 + 0.0428 

25 𝑦 = 2.1155𝑥 + 0.05 

50 𝑦 = 2.6064𝑥 + 0.0511 

100 𝑦 = 5.4436𝑥 + 0.0137 

ZnOBP 0 (Control) 𝑦 = 2.1104𝑥 + 0.0301 

6.25 𝑦 = 2.2471𝑥 + 0.0374 

12.5 𝑦 = 2.513𝑥 + 0.0419 

25 𝑦 = 3.5673𝑥 + 0.0329 

50 𝑦 = 4.7741𝑥 + 0.0482 

CYP2J2 ZnONP50 0 (Control) 𝑦 = 0.0217𝑥 − 0.0012 

6.25 𝑦 = 0.0375𝑥 − 0.0021 

12.5 𝑦 = 0.0716𝑥 − 0.0053 

25 𝑦 = 0.1226𝑥 − 0.0103 

50 𝑦 = 0.1866𝑥 − 0.0162 

ZnONP100 0 (Control) 𝑦 = 0.0194𝑥 − 0.0006 

12.5 𝑦 = 0.026𝑥 − 0.0012 

25 𝑦 = 0.0392𝑥 − 0.0023 

50 𝑦 = 0.0427𝑥 − 0.0022 

100 𝑦 = 0.1005𝑥 − 0.0075 

CYP3A5 ZnONP50 0 (Control) 𝑦 = 0.0305𝑥 − 0.0012 

12.5 𝑦 = 0.0341𝑥 − 0.0013 

25 𝑦 = 0.038𝑥 − 0.0015 

50 𝑦 = 0.0443𝑥 − 0.0017 
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100 𝑦 = 0.2667𝑥 − 0.0207 

ZnONP100 0 (Control) 𝑦 = 0.032𝑥 − 0.0005 

6.25 𝑦 = 0.0346𝑥 − 0.0003 

12.5 𝑦 = 0.036𝑥 − (5 × 10−5) 

25 𝑦 = 0.0376𝑥 + 0.0002 

50 𝑦 = 0.2359𝑥 − 0.0148 
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