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Abstract 

The nanomaterial industry is currently expanding, driven by the diversity and versatility of applications in 

which they can be found. Nanomaterials (NMs) can have a variety of uses ranging from solar cells and 

pigments to sunscreen, body implants and nanomedicines among others. Much concern has arisen 

regarding their safety to humans however, as experimental studies show that exposure with NMs may 

lead to health effects such as chronic inflammation, cardiovascular diseases, fibrosis and even cancer. 

Health effects on workers is one of the major concerns since workers potentially may face high exposures 

at occupational settings. However, most of the studies available are performed with acute exposures and 

high doses which do not reflect real work environment exposure situations. Currently, the molecular 

mechanisms of toxicity of these NMs are still unknown. 

The purpose of this study was to investigate the mechanisms of toxicity of two carbon nanotubes (NM400 

and NM401) and one titanium dioxide (NM104) possessing different physicochemical properties. The 

study focused on pulmonary effects and cellular responses by way of an in vitro model of human lung 

epithelial cells (HBEC-3KT). It attempts to address occupational settings employing low doses and short-

term acute and long-term chronic exposures. Characterization of the analyzed NMs was done by dynamic 

light scattering. The molecular signature of the NMs was investigated by use of a custom and focused 

gene expression array designed to analyze target genes from signaling pathways related to lung 

inflammation, fibrosis and cancer. Furthermore, Comet Assay was used to study oxidative DNA damage. 

The results indicated altered gene expression for various genes depending on exposure time, type of NM, 

and dose used. NM401-exposed cells showed the highest number of regulated genes while NM104-

exposed cells showed the lowest. Similar and differential molecular signatures were found between the 

three NMs. While NM400 and NM401 are both carbon nanotubes, they showed different effects. NM400 

had more similar effects as NM104 which is a titanium dioxide. However, more work is needed to 

elucidate the various molecular mechanisms involved.  
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1. Introduction 

1.1 Nanomaterials and their applications 

A nanomaterial (NM) is a material that contains particles with at least one dimension in the nanometer 

(nm) scale, which is 1 billionth (1x10-9) of a meter (Williams, 2008). Dependent on the origin, 

nanomaterials can be divided into three general categories: natural, incidental, and engineered or 

manufactured (MNM). Examples of natural NMs are the ones that occur in nature like smoke from fire 

or volcanic dust. Incidental are by-products of anthropogenic activities such as combustion of fossil 

fuels or welding activities. The manufactured ones are produced intentionally by nanotechnology for 

various applications, and as such they have less variable and more regular morphologies (Hochella et 

al., 2019). In this thesis, the term MNM will be used to distinguish these NMs from the natural and 

incidental NMs. 

A more specific nomenclature and terminology for nanomaterials was developed by the International 

Organization for Standardization (ISO) in 2008 (International Organization for Standardization, 2017). 

As stated in the ISO 27687:2008 document a nano-object can be defined as a material with one (1D), 

two (2D), or three external dimensions (3D) in the size range of approximately 1–100 nanometers 

(nanoscale).  

MNMs are diverse type of materials such as metals (i.e iron, gold, silver), metal oxides (i.e iron oxide, 

titanium oxide), carbon based tubes and fibers (carbon nanotubes/fibers), polymers and lipids 

(liposomes, micelles) or diverse combination of different organic and inorganic materials. They have a 

variety of applications in consumer products such as in cosmetics and sunscreens due to their UV 

filtering properties as in the case of titanium dioxide (TiO2) (Skocaj et al., 2011; Warheit & Brown, 

2019). MNMs have a wide range of applications in electronics as is the case for nanoplates, which can 

provide insulation, protection to corrosion or improve hardness (Bao et al., 2016). The MNMs small 

size allows them to translocate into tissues and cells, which makes them useful in biomedical 

applications as cell markers in the case of bio-conjugated gold nanoparticles (NPs) or liposome systems 

for drug delivery (Salata, 2004). TiO2 is one of the most promising NMs in the biomedical drug delivery 

systems, cancer treatment and implants due to their good biocompatibility, high chemical stability, 

low production costs, photocatalytic properties and its perceived low toxicity (Devanand 

Venkatasubbu et al., 2013; Kunrath et al., 2018). 
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On the other hand, production and use of MNMs have raised concerns about their use in occupational 

settings regarding the high exposure levels that workers are potentially faced with, as well as the 

various types of MNMs manufactured by nanotechnology with yet unknown toxicological effects. 

Therefore, in 2011, the European Commission (EC) adopted a recommendation for the definition of 

NM for regulatory purposes and to help industry to reduce unwanted exposure to MNMs. The EC 

defined a NM as a material in which at least 50% of its particles have one external dimension within 

the nanoscale. When there are concerns for health, environment or safety the 50% threshold is 

reduced. They also stipulated that graphene flakes, fullerenes and single wall carbon nanotubes 

(SWCNTs) having one or more dimension below 1 nm should also be considered NMs (European 

Commission, 2009). 

 

1.2 Occupational exposure to MNMs 

There are several possible routes of exposure to MNMs through inhalation, skin, oral/ingestion, and 

intravenous. In the case of dermal exposure, even though it has been demonstrated that MNMs can 

penetrate the epidermis, they do so through follicles and damaged skin making this route less likely, 

especially in occupational settings. The same is the case for oral exposure were particles can enter 

through ingestion or after pulmonary clearance were inhaled MNMs are swallowed. Parenteral 

exposure, which involves intradermal, intravenous and peritoneal injections is more associated with 

nanomedicine and its use of nanomaterials in diagnosis and treatments. Another little explored route 

is the ocular one where the few existing studies address this exposure related to drug delivery (De 

Matteis, 2017; Yah et al., 2012). 

Inhalation is the most important exposure route regarding occupational exposure to MNMs in form of 

powders and aerosols (Pietroiusti et al., 2018; Shakeel et al., 2016). 
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Figure 1.1 – Respiratory tract and particle disposition. (1A) Structure of upper and lower respiratory tract. In blue, nasal-

pharyngeal-laryngeal deposition, in orange tracheobronchial deposition and in green alveolar. (1B) depositions by size and 

area. Adapted with permission from Oberdörster et al. (2005) and (Klaassen, 2015). 

The structure of respiratory tract is depicted in Figure 1.1A. Particle deposition rate in the respiratory 

tract varies for the different structures and it is affected by particle size, shape and other characteristics 

like charge and chemical composition (Majid & Madl, 2011; Oberdörster et al., 2005). As seen in figure 

1.1B the deposition method also depends on the type, size, form or charge of the particles, and they 

may deposit by diffusion, sedimentation, impaction, interception and electrostatic precipitation 

(Lippmann & Schlesinger, 1984).  

1.3 Health effects of MNMs 

MNMs are of concern in regards to their health and safety. Some due to the large volume that is being 

produced, such as the 10,000 annual tons for TiO2 or the 100-300 tons for carbon nanotubes (CNTs) 

and carbon nanofibers, but also the expected expanding projected market for the coming years 

(Schulte et al., 2019). Being such a diverse group of products, sometimes of the same material but 

possessing a wide range of physicochemical properties due to differences in production, size or 

combinations with other compounds, it is obvious to see the challenge of assessing their toxicity and 

safety. There are a diverse number of MNMs in the market with a wide number of physical and 

chemical properties. This diversity in number and characteristics makes toxicity testing of each 

individual MNM difficult and unpractical. Therefore, there have been many attempts to group MNMs 

for the purposes of achieving a better hazard and risk assessment process based on very different 
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criteria. The proposed classifications are very varied and most of the recent approaches of grouping 

consider that key elements to be assessed are the chemical and physical properties, mode of action 

and route of exposure of the MNMs as reviewed by Landvik et al. (2018).   

Based on these criteria Landvik et al. (2018) found that most of the experts propose that inhaled MNMs 

could be grouped into three main groups (table 1.2): those with specific toxicities, respirable fibers and 

granular biopersistent particles (GBP). Furthermore, this classification has also been recommended by 

the guideline development group of the World Health Organization (WHO) as the part of “the 

guidelines on protecting workers from potential risks of manufactured nanomaterials” (Organization, 

2017).  

Table 1.2 - Classification of inhaled MNMs. Reproduced with permission from Landvik et al. (2018). 

 

Specific toxicity MNM Respirable fibers 
Granular Biopersistant 

Particles (GBP)* 

Particle 

Example  

i) Higher Solubility Particles CdQD, 

Zinc oxide, Copper oxide 

ii) Poorly-Soluble, High Toxicity 

Particles 

Crystalline silica, Nickel oxide III, 

Chromium oxide III 

Carbon nanotubes, 

nanofibers that fall under 

the definition of WHO 

fibers: L >5 μm, D <3 μm, 

L/D >3:1 (aspect ratio) 

      Titanium dioxide 

      Carbon black 

      Shorter (non-WHO) fibers 

* Also known as Poorly-Soluble, Low-Toxicity Particles (PSLT) 

The most critical issue in an occupational setting is the fact that workers may be exposed at high levels. 

Several studies have investigated the health effects of various MNMs in vitro and in animal studies. 

The review of literature indicates that multiple unwanted effects may be associated with a MNM 

depending on type and physicochemical characteristics of the MNM (Sayes, 2014; Shin et al., 2015; 

Sukhanova et al., 2018). On the other hand, human epidemiological studies investigating short-term 

and long-term effects of exposure to MNMs in MNM workers are limited. A recent systematic review 

of human studies by Schulte et al. (2019) have found some unwanted health effects in workers exposed 

to a panel of MNMs. As can be seen from table 1.1, the health effects include a number of diseases 

and biomarkers of disease. Some of these are effect and damage biomarkers like the ones for 

inflammation, oxidative stress, epigenetic effects, pulmonary, cardiovascular and hematological 

biomarkers whereas some are disease biomarkers for pulmonary, immunological and cardiovascular 

diseases.  
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Table 1.1 - Summary of epidemiological and human data for engineered nanomaterial (ENM) by commercial volume. 

Reproduced with permission from Schulte P. A., et al. (2019). 

Nanomaterial 
World commercial 

tonnage (tons) 

Epidemiologic findings of 

pathologic effects in workers 

Potential biomarkers of adverse effects in 

epidemiological studies of workers 

Carbon black 9 600 000 
Pulmonary function test 

alterations 

Inflammatory biomarkers: white blood cell 

count; pro-inflammatory cytokines 

Synthetic 

amorphous silica 
1 500 000 NA 

Oxidative stress biomarkers: 8-

hydroxydeoxyguanosine (8-OHdG) and exhaled 

breath condensate (EBC); serum anti-oxidant 

enzymes                             
 

Epigenetic effects: global DNA methylation 

Aluminum oxide 200 000 NA NA 

Barium titanate 15 000 NA NA 

Titanium dioxide 10 000 

Pulmonary function test 

alterations; heart rate 

variabilities 

Pulmonary disease biomarkers: serum 

surfactant protein-D levels; nitric oxide and 

leukotriene levels in EBC  
 

Cardiovascular disease biomarkers: 

intracellular adhesion molecule 1 (ICAM.1); 

vascular cell adhesion protein 1, (VCAM-1); LDL       
 

Inflammatory and oxidative stress biomarkers: 

pro-inflammatory cytokines, SOD and 

malondialdehyde serum levels; EBC markers of 

oxidative damage of nucleic acids, proteins, 

and lipids; and 8-isoprostane; urinary 8-OHdG 

Cerium dioxide 10 000 NA NA 

Zinc oxide 8 000 

Metal fume fever in health 

subjects exposed to fumes 

containing ZnO-ENM (not 

occupational 

Inflammatory biomarkers: blood C-reactive 

protein and serum amyloid A concentrations; 

neutrophils count (not occupational data)                         

Carbon 

nanotubes/ 

nanofibers 

100-3000 NA 

Pulmonary biomarkers: exhaled nitric oxide; 

KL-6 in sputum                                              
 

Cardiovascular biomarkers: ICAM-1; VCAM-1                                                           

Hematological biomarkers: Blood cell count; 

immature cell fractions                         
 

Inflammatory and oxidative stress biomarkers: 

C-C motif ligand 20, basic fibroblast growth 

factor, and soluble interleukin (IL) receptors in 

blood; IL-1β, IL-4, IL-5, IL-6, IL-8 and TNFβ 

cytokines in blood and sputum; 
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malondialdehyde, 4-hydroxy-2hexanal and n-

hexenal levels in EBC                                              
 

Epigenetic biomarkers: gene-specific DNA 

methylation in peripheral blood cells  

Silver 20 NA NA 

NA: not available 

1.3.1 Mechanisms of toxicity of inhaled NMs 

Many of the biomarkers found in the human studies are involved in the inflammatory response of the 

body to particles. Acute inflammation is the first step of the response and it usually ends after the 

harmful stimuli has been removed and the damage has been repaired. However, when acute 

inflammation does not end due to persistent stimuli and damage, a state of chronic inflammation is 

reached. This can lead to tissue injury and develop into chronic inflammatory diseases, which in the 

case of exposure through inhalation will further develop into pulmonary/lung diseases that can 

progress into fibrosis or cancer (figure 1.2).  

 

Figure 1.2 – The role of inflammation in health effects of MNMs. COPD: Chronic obstructive pulmonary disease. 

In the case of the lung, fibrosis happens due to fibroblast and myoblast producing a large amount of 

collagen and other extracellular matrix proteins and causing the remodeling of the lung tissue. This 

abnormal tissue remodeling can result in functional impairment, which reduces diffusion capacity 

causing shortness of breath and hypoxia. Lungs lose their elasticity and become stiffer. It is known that 

the presence of fibrosis in the lung increases the risk of developing lung cancer, and although the 

reason is not certain, uncontrolled proliferation, oxidative stress and alterations of growth factors are 

thought to contribute to this pathology (Ballester et al., 2019). 

One of the most serious issues regarding MNMs toxicity is the development of cancer. As defined by 

the WHO, cancer is a term for a variety of diseases, which can affect any part of the body (Organization, 

2019). It is characterized by the rapid multiplication of abnormal cells, which grow out of their normal 
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boundaries giving them the ability to invade other areas and spread throw-out the body. This last event 

is called metastasizing and it may lead to death. Multiple causes have been identified or suggested for 

the development of cancer, among them radiation, chemical and infectious agents. An estimate of 90-

95% of cancers are related to lifestyle and the environment (Anand et al., 2008; Blackadar, 2016). The 

process in which cancer is developed is called carcinogenesis. Many models have been proposed for 

this process, one of them the multistage carcinogenesis model which describes the carcinogenesis 

process as having various stages, initiation, promotion and progression (figure 1.3).  

 

Figure 1.3 – Model of the process of chemical multistage carcinogenesis. Reproduced from (Klaassen, 2015). 

Initiation, the first part, involves a mutation event, which is not corrected and thus becomes fixed, that 

is why this step is defined as a stable hereditable change, which is fast and irreversible. Once a cell is 

initiated, there are three possible destinies for it: it can stay in a non-dividing static state, may possess 

some non-viable mutation and thus enter into the apoptosis program and die, or it may start 

uncontrolled cell division resulting in proliferation of the initiated cell. If the outcome is the last 

mentioned, the initiated cell passes to the promotion step, which involves the formation of a pre-

neoplastic lesion due to the clonal expansion. 

Contrary to initiation, promotion can be reversed by the removal of the promoting agent, allowing the 

focal cells to return to an initiated cell stage. In the final stage, progression, benign pre-neoplastic 

lesions develop into neoplastic tumors. At this stage, there can be further DNA damage or 

modifications by the action of genotoxic agents. As it happens with the first stage, this step is also 

irreversible because the formation of the neoplasm cannot be turned back. This triggers an 

uncontrolled and autonomous tumor growth (Laconi et al., 2008; Luanpitpong et al., 2016). 

1.3.1.2 Pathways involved in toxic effects of NMs 

Exposure to NMs may lead to aberrations in multiple biological pathways. A biological pathway is a 

series of actions and interactions performed by a group of molecules in a biological system, which 

lead to a product or a change in the system. Alteration in the regulation of a variety of biological 

process like oxidative stress, cell cycle/proliferation, DNA repair, cell death, inflammation and DNA 
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methylation are some of the most common characteristics of the aberrations caused by NMs (Iengar, 

2018; Parameswaran & Patial, 2010). 

Oxidative stress is a perturbation in the balance between the generation of free radicals, reactive 

oxygen species (ROS) or reactive nitrogen species (RNS), and the biologicals system’s capacity of 

detoxifying these species or counteract the damage made by them (Betteridge, 2000). Free radicals 

are chemical species, which have unpaired electrons, this makes them very unstable thus increasing 

their reactivity (Lushchak, 2014). They are formed as unwanted by-products of various metabolic 

activities, but also as desired ones to help in various functions such as oxidative phosphorylation in the 

mitochondria, synthesis of the hormone thyroxine or elimination of bacteria by macrophages during 

phagocytosis (Phaniendra et al., 2015). One of the most important ROS sources in the cell is the enzyme 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which is encoded by the NOX gene 

family and catalyzes the transfer of elections across the plasma membrane to molecular oxygen 

generating superoxide or H2O2 (Tarafdar & Pula, 2018). However, an increased expression of NOX1 

has been associated with cancer development and progression (Skonieczna et al., 2017). This is 

because an increase of ROS can cause DNA damage, supported by the identification of 8-hydroxy- 

deoxyguanosine (8-OHdG), a major product of DNA oxidation, in animals exposed to NMs. It can also 

result in an upregulation of genes which take part in caspase-depending apoptosis, which depending 

on the level of ROS generated it can result in inflammation or cell death, due to the fact that caspases 

participation in both inflammation and apoptosis (Phaniendra et al., 2015; Zuo et al., 2009).  

Another pathway which when disrupted has been associated with the development of health effects 

and particularly cancer is the cell cycle and cell proliferation. The cell cycle is a series of events that 

happen in the life of a cell which result in the duplication of its DNA and subsequent division into two 

genetically identical daughter cells. There are two major phases in this cycle, the chromosome 

duplication which happens in the synthesis phase, and chromosome segregation and cell division 

occurring in the mitosis phase. The other stages are the so call gap (G) phases, G1 and G2 (Bower et 

al., 2017; Liccardi & Fava, 2017). In order for the cell to confirm if all the necessary conditions for 

transitioning to the next phase have been met, there are a series of so-called cell cycle checkpoints. 

These are based on a series of connected biochemical switches initiating a specific event in the cell 

cycle. Checkpoints monitor for example the integrity of the genome and when detecting DNA damage 

caused by internal stress or external stimuli, DNA repair mechanisms are activated. If the situation 

cannot be corrected then these checkpoints will detect it and proceed to eliminate the affected cells 

by cell death (apoptosis) or permanent cell cycle arrest. That is why disruptions in the cell cycle can 

ultimately lead to the appearance of cancer, with one of its main feature being uncontrolled growth 

and division achieved by checkpoints failure (Dash & El-Deiry, 2004).  
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The DNA repair system is composed of a varied network of mechanisms in order to cope with the 

constant exposure the genome has to environmental and endogenous agent resulting in DNA lesions. 

There are three groups of mechanisms, base excision repair (BER), nucleotide excision repair (NER), 

and mismatch repair (MMR) (Müller et al., 2018). When the repair system fails before a cell division, 

errors or mutations can become fixed and pass to the daughter cells. Depending on the errors this 

could mean an escape from the cellular program for these daughter cells. 

The escape from the cellular program can also be corrected by the programmed death of the cell. Cell 

death is an important mechanism to keep homeostasis and can be classified in two groups, non-

programed and programed. The first one is represent by necrosis, which is a non-controlled rapid 

process of cell death where the cell membrane and compartments disintegrates releasing their 

contents into the extracellular compartment. This may damage other cells and induce an inflammatory 

state. Programmed cell death can be divided mainly into apoptosis and autophagy (Hotchkiss et al., 

2009; Nunes et al., 2014).  

Apoptosis is the process of programmed cell death, occurring naturally during development and 

throughout the aging process. It is also a mechanism to maintain cell population numbers in tissues 

and a defense mechanism on cell that have been damaged beyond repair (Elmore, 2007). Cells 

undergoing the process of apoptosis experience characteristic morphological changes, it does not 

produce inflammation and it ends with small packages of pieces of the condensed cell, which are 

marked for elimination by ingestion by neighboring cells. There are two ways to initiate the process, 

from signals coming inside of the cell, called intrinsic or mitochondrial apoptosis, or by signaling 

originating from the cell environment (extrinsic apoptosis). It all starts with an extrinsic or intrinsic 

signal, which provokes and induction in the outer mitochondrial membrane permeability triggering the 

release of cytochrome C and other proteins. These initiate the caspase cascade, which induces the 

condensation of the chromatin and later degradation of the DNA, followed by the formation of blebs 

(irregular bulge in the cytoplasmic membrane) that develop later into the apoptotic bodies (Molina & 

Pituello, 2017). Too much or too little apoptosis can be problematic, so this is a tightly regulated 

process and alterations in its regulation can lead to a variety of diseases including cancer.  

Autophagy is the process by which cells adapt to stress by the formation of tightly regulated lysosomal 

digestive structures. This allows recycling of nutrients and structures in response to nutrient 

depravation, oxidative stress, diminution of growth factors, hypoxia and infections. Another important 

function is the elimination of nonfunctional or damaged organelles and proteins (Galluzzi et al., 2017; 

Goldsmith et al., 2014). Disruption in the process of autophagy has been linked to cancer and diverse 

diseases such as type 2 diabetes and neurodegeneration (Debnath, 2011; Levine & Kroemer, 2008). 
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Another important mechanism which when disrupted can lead to the development of unwanted 

health effects is aberrated DNA methylation. This is an epigenetic mechanism which regulates gene 

expression by inhibiting the binding to transcription factors or recruiting repression complexes. This 

mechanism models DNA expression by silencing or promoting specific regions. It is done by forming 5-

methylcytosine as a result of the transfer of a methyl group to the C5 position of the cytosine. The DNA 

methylation pattern in a cell is tissue specific and is pass down from mother to daughter cell. There 

are two type of DNA methylation enzymes, de novo and maintenance enzymes (Moore et al., 2013).  

 

2. Aims of the study 

The aim of this study was to investigate the mechanisms of toxicity of three MNMs with different 

physicochemical properties. The specific objectives were to i) compare molecular-toxicological effects 

after short-term acute and long-term chronic exposure; and ii) compare molecular signatures across 

the three MNMs depending on dose and duration of exposure. The focus was on pulmonary effects 

and the cellular responses of exposure of human lung epithelial cells. The motivation for this project 

was that we had obtained results from earlier studies (Phuyal et al., 2018; Phuyal et al., 2017) where 

long-term exposure of human lung cells to two CNTs and two TiO2 NMs led to different effects on 

transformation of the these cells.  
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3. Materials and methods 

3.1 Materials 
 

3.1.1 Nanomaterials and their physicochemical characteristics 

Multi-walled carbon nanotubes (MWCNTs) NM400 and NM401, and TiO2 NM62002 (previously 

designated as NM104) were obtained from JRC Nanomaterials Repository (Ispra, Italy). Some 

characteristics of these materials are summarized in table 3.1 and figure 3.1.  

Table 3.1 – Physicochemical characteristics of NM104, NM400 and NM401. Reproduced from (Jensen, 2011; Rasmussen, 
2014a; Rasmussen, 2014b). *SE: standard error. 

NanoREG 

name 

NM 

code 

Type of 

material 
Phase Use 

Reported 

primary 

length   

(nm ± SE) 

Reported 

primary 

diameter 

(nm ± SE) 

Aspect 

ratio 

Benchmark 

z-size     

(nm ± SE) 

JRCNM62002a 104 
titanium 

dioxide 

hydrophilic 

rutile 
cosmetics - 26 ± 10 - 234 ± 4 

JRCNM04000a 400 MWCNT MWCNT 
structural composites 

and energy applications 
846 ± 446 11 ± 3 79 ± 50 54.9 ± 0.6 

JRCNM04001a 401 MWCNT MWCNT 
structural composites 

and energy applications 

4048 ± 

2371 
67 ± 24 66 ± 46 710 ± 17 

 

 

Figure 3.1 – SEM micrographs of MNMs in dispersion medium. (A) MWCNTs NM400; (B) MWCNTs NM401 and (C) TiO2 NM104. 
Reproduced with permission from Phuyal et al. (2017). 

 

3.1.2 Cell model 

The cell line used was the immortalized human bronchial epithelial cells 3 KT (HBEC-3KT) which is 

available from American Type Culture Collection (ATCC). Briefly, the cells were isolated from healthy 

lung tissue belonging to a 65 year old female smoker and immortalized by transfecting them with 

retroviral constructs containing human telomerase reverse transcriptase (hTERT) and cyclin-

dependent kinase (Cdk) 4, as described by (Ramirez et al., 2004). 
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3.2 Methods 

Various methods were used during this work. Two different exposures approaches were tested as 

shown in the diagram below (figure 3.2).  

 

Figure 3.2 - Overview of the methods used in this project 

 

3.2.1 Coating cell dishes 

1. Prepare a 0.03mg/ml collagen (Nutacon; Cat.nr: 5005-B) dilution in sterile PBS (GE Healthcare 

Hyclone; Cat. Nr: SH30256.FS).  

2. Add 4 ml of the collagen-PBS mix to 15 cm dishes (Sarstedt; Cat.nr: 3903), 3 ml to 10 cm 

(Sarstedt; Cat.nr: 3902) ones and 1 ml to 6-well plates (Sarstedt; Cat. Nr: 3920.300) and leave 

the dishes/plates in the hood for minimum 2 hrs. 

3. Remove collage solution and wash dishes/plates once with sterile PBS. 

4. For long-time storage, seal and store at - 20°C. 

 

3.2.2 Cell work 

HBEC-3KT cells were grown and maintained on collagen-coated dishes at 37°C and 5% CO2 in a 1:1 

mixture of LHC-9 (Gibco; Cat. Nr: 11508866) and RPMI-1640 (Thermo Scientific; Cat. Nr: 

HYCLSH30255.01) medium. Passage of cells was done after reaching around 80% confluency. For long-

term exposure the media was supplemented with 1% of penicillin and streptomycin (Biowest; Cat.nr: 

BWSTL0018) to prevent bacterial contamination as the culture was maintained for many weeks.  

3.2.2.1 Thawing 

Nitrogen frozen cells were warmed directly in the water bath at 37°C until half of the contents of the 

vial had thawed. The cells were added directly to a falcon with culture media (previously warmed at 
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37°C), and centrifuged 7 min at 200xg. The supernatant was removed and the pellet was suspended in 

5 ml of new media and transferred to a new dish.   

3.2.2.2 Seeding cells 

Cells were seeded in different size dishes/plates depending on the experiment, as such grow media 

and volumes may differ. Seeding was done form 15 cm petri dishes with 80% confluent cells. 

1. Remove media from the dish and wash one time with 5 ml PBS. 

2. Wash one time with 5 ml of trypsin (Merck Millipore; Cat Nr: L2153). 

3. Add new 2.5 ml trypsin and incubate at 37°C for 7 to 10 min until all the cells detach from the 

dish, monitored with the optic microscope. 

4. Collect the cells to a new falcon tube, and wash the dish with new 5 ml medium to collect the 

remaining cells in the dish. 

5. Centrifuge for 7 min at 200xg to remove the trypsin and old media. 

6. Discard supernatant and resuspend the pellet in 5 ml of media. 

7. Mix 1:1 of cell suspension:tryphan blue and transfer 10 µl of the mixture to a cell counting 

chamber slide (Invitrogen; Cat Nr: C10314) with the use of the Invitrogen™ Countess™ 

Automated Cell Counter (Invitrogen - Thermo Fisher Scientific Inc). Note down cell viability, 

number of live cells and number of total cells. Use the number of live cells to calculate cell 

suspension volume needed for seeding in each well or dish. 

8. Add the correct amount of growth media to obtain the appropriate cell density. 

9. Seed in the appropriate dish/plate and incubate 24 hrs at 37°C, 5% CO2. 

 

3.2.2.3 Freezing down cells 

For long-term storage, cells were frozen down in cryo-freezing tubes at -80°C for 24 hrs before being 

stored for long-term in liquid nitrogen. Cells were centrifuged at 200xg for 7 min and the pellet was 

suspended in freezing media, containing 73% of cell media, 20% of FBS (Gibco™ 26140079) and 7% of 

DMSO (≥99%, MP Biomedicals; Cat.nr: 196055).  

3.2.3 Exposure 

3.2.3.1 Preparation of particles for exposure 

The protocol used to prepare the particles was adapted and modified from the NanoGENOTOX 

protocol (Jensen, 2011) that has been used in NanoREG project. For the detail protocol see appendix 

1. 

Prepare the stock solution of Sterile-filtered 1% Bovine Serum Albumin (BSA) fraction V (Sigma): 

https://no.vwr.com/store/supplier/id/BCHR/biochrom-(part-of-merck-millipore)
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1. Add 0.5 g of BSA to 50 ml of MQ-H2O in a mixing flask. 

2. Stir gently the BSA-solution for a few minutes and leave 24 hrs at 4°C for complete dissolution 

of the BSA. 

3. Sterile filter the solution into a new flask using a 0.2 µm filter. 

4. The 1% BSA solution can be kept at 4°C for 2 weeks. 

5. User dispertion media of 0.05% was prepared fresh every time. 

6. From an unopened nanomaterial vial weigh 15.36 mg of the material into autoclaved 

Scintillation vials (Wheaton Industries Inc.). The final concentration of the NMs in DM is 2.56 

mg/ml.  

7. Add 0.5% of 95% EtOH (≥96 % purity) to pre-wet the powder. 

8. Add 99.5% sterile-filtered 0.05% BSA MQ-H2O. 

9. Sonicate the mixture for 16 min at 400W with 10% amplitude, with a Branson Sonifier S-450D 

(Branson Ultrasonics Corp.), to obtain the stock dispersion used to prepare the different 

dilutions. Samples need to be cooled in an ice-water bath during sonication to avoid significant 

heating of the suspension. 

10. The dispersion stock is stable for 30 to 60 min and should be vortexed for 10 sec before use.  

3.2.4 Experimental Design 

Short-term and long-term exposures were carried out, and for each of the materials tested two 

different concentrations were prepared. A high dose (Hd) of 1.92 µg/cm2 and a low dose (Ld) of 0.96 

µg/cm2. As there are no harmonized occupational exposure limits (OEL), the doses were taken from 

previous studies (Phuyal S., et al., 2017) which was based on the recommended exposure limit (REL). 

The control was prepared as Hd of disperse media in cell media.  

3.2.4.1 Short-term 

Short-term experiments (24 and 72 hrs) were done as shown on the diagram below (figure 4.3). The 

design was repeated three times (three independent experiments). On the first day cells were seeded 

in the plates and incubated for 24 hrs. On day 2 the exposure took place, and on day 3 the 24 hrs plates 

were stopped. Finally on day 5 the 72 hrs experiment was stopped. NMs suspensions (in dispersion 

and cell media) were prepared on day 2 and kept in the incubator along with the plates.  DLS 

measurements form those suspensions were taken on day 2, 3 and 5 as shown in figure 3.3. 
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Figure 3.3 – Experimental design for short-term experiments. DM: dispersion media; NM: nanomaterials; Hd: high dose; Ld: 
low dose. 

 

3.2.4.2 Long-term 

For the long-term exposure, exposed cells from a previous 26 weeks long study were used. Week 26 

was picked due to being the last point in the study and a sure point of chronic exposure. As with the 

short-term experiments, the three NMs analyzed were NM104, NM400 and NM401 for a high and low 

dose as described before. For the week selected, cells were taken up and seeded in the growth media 

after reaching 80% confluency in the dish. Then, they were splitted in order to obtain enough cells for 

comet assay and DNA/RNA isolation. 

In the case of NM400, cells were taken up on week 16 and exposed until week 26 as shown down in 

the diagram below. This was done because the exposure of NM400 was stopped at that point and 

didn’t reach week 26 (figure 3.4).  

 

Figure 3.4 - Design for long-term exposure of NM400 
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3.2.5 Physicochemical properties analysis 

3.2.5.1 Dynamic Light Scattering (DLS) measurements 

To determine the size, stability and agglomeration state of the particles, the Dynamic Light Scattering 

(DLS) method was used. DLS measurements were performed by the Zetasizer Nano ZS (Malvern 

Instruments Ltd.). 10 min after sonication, 1 ml of the sample was pipetted into a 1 ml cuvette. At a 

temperature of 25°C with a medium viscosity of 0.99 cP, equilibration time of 120 sec, and automatic 

option used for all measurement conditions. For each sample, 10 consecutive measurements were 

taken. Size distribution by intensity and the z-average were analyzed. The first parameter gives an idea 

of the light intensity scattered by the different size classes of the material, the contribution (intensity 

of light scattered) from the different particle sizes. Whereas the z-average, also called the z-average 

diameter or cumulants mean represents the mean size value form the intensity distribution according 

to the ISO22412:2017 (International Organization for Standardization, 2017) method. (See figure 3.5). 

 

Figure 3.5 - Diagram comparing the real diameter as measured by transmission electron microscopy (TEM) vs. the 
hydrodynamic one. 

The analysis was performed for the short-term experiments and measurements for the high doses of 

each NM were taken. In order to obtain the size distribution by intensity and the z-ave for each NM 

samples form the NMs in the dispersion media (stock dispersion) were analyzed. For evaluating the 

behavior and stability of the NM’s suspension over the short-term exposure, samples form 0, 24 and 

72 hrs were taken, with size distribution by intensity and the z-ave being measured. The stability of the 

cell media for those three times was also tested. 

3.2.6 DNA and RNA isolation by AllPrep DNA/RNA Mini 

For DNA/RNA isolation of short-term exposures, 6-well plates with a concentration of 1.5x105 cells per 

well for 24 hrs, and 3x104 cells per well for 72 hrs were seeded. For long-term studies 15 cm dishes 

with a concentration of 2.5x105 cells were used. 

DNA and RNA was isolated by AllPrep DNA/RNA Mini Kit (QIAGEN) using automated purification on the 

QIAcube (QIAGEN).  
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Procedure:  

1. After Incubation the cells were washed with PBS and stored at -80°C. 

2. Cells were lysed with RLT buffer supplemented with Dithiothreitol (DTT) to inactivate RNases 

in the lysate. The cells were collected by cell scarping and the lysate was vortexed  

3. The samples were loaded into the QIAcube and DNA/RNA was automatically isolated using the 

protocol: AllPrep ® DNA/RNA Mini - Animal tissues and cells – Standard or AllPrep ® DNA/RNA 

Mini - Animal tissues and cells - Large samples (QIAGEN). 

4. The RNA samples were DNase treated using (RNase-Free DNase Set, 79254) and (RNeasy 

MinElute Cleanup Kit, 74204) according to the manufacturer’s instruction with minor 

modifications (for a complete protocol see appendix 1).  

5. Briefly, samples were incubated with DNase I enzyme for 10 min at RT, and cleaned by RNeasy 

MinElute spin column. RNA was eluted twice using 15 µl to a total volume of 30 µl.  

DNase treatment (RNase-Free DNase Set, 79254) and clean up (RNeasy MinElute Cleanup Kit, 74204) 

was done according to the manufacturer (see appendix 1), briefly described here:  

3.2.7 Analysis of toxicological endpoints of NM exposure 

3.2.7.1 Gene expression 

RNA was isolated (according to chapter 3.2.6) from exposed cells and cDNA synthesis was perform for 

analyzing gene expression with the RT2 Profiler PCR Array (QIAGEN).  

3.2.7.1.1 CONCENTRATION AND QUALITY MEASUREMENTS 

DNA and RNA concentration and purity were measured with the use of a NanoDrop 2000 

spectrophotometer (Thermo Scientific, cat.no ND-2000) and Qubit 4 Fluorometer (Thermo Scientific, 

cat.no Q33238). RNA samples were checked for quality with the Bioanalyser 2100 (Agilent 

Technologies, Inc, cat.no G2939BA). NanoDrop uses absorbance with maximum wavelength of 260nm 

to measure the samples. While Qubit uses dyes which are target-selective and after bounding to DNA, 

RNA or proteins, they emit fluorescence that can be quantified. The Bioanalyzer 2100 gives a 

measurement of RNA quality with RIN (RNA Integrity Number). Protocols can be seen in appendix 1. 

3.2.7.1.2 REAL-TIME RT-PCR  

Real time polymerase chain reaction (qPCR or RT-qPCR) combines common PCR that amplifies a 

nucleotide sequence with spectrofluorometry that allows to measure the amount of DNA being 

amplified continuously during the PCR process. This is done with the help of a fluorescent dye SYBR 

green that binds to double strand DNA emitting fluorescence at 520nm upon excitation. During each 
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cycle the fluorescence is measured so the increase of the signal is proportional to the amount of DNA 

generated. It is called RT (reverse transcription) because it uses complementary DNA (cDNA) instead 

of RNA, so there is a reverse transcription step to convert the RNA into cDNA.  

The process consists of three steps: denaturation, annealing and elongation, which are repeated many 

times in what is called a cycle. In the denaturation the double stranded DNA (dsDNA) is heated up to 

95°C in order to separate it into two single strands of DNA. In annealing the temperature is lowered at 

60°C allowing the primers to attach to the DNA template. Finally in the elongation the temperature is 

raised again to 95°C and the new strand of DNA is made by the enzyme Taq polymerase. These steps 

are repeated for 40 cycles. 

RT2 Profiler 

RT2 Profiler PCR Array is a QIAGEN branded approach for qPCR, where the expression of panels of 

genes can be analyzed simultaneously. In this study, a 384-well costume plate of 40 selected genes, 

five housekeeping and three control genes was designed. The following genes were included: 

ATM, SKI, DNMT1, DNMT3A, DNMT3B, HDAC4, TP53, TNF-A, ATR, RAD17, RAD1, ING1, NEIL3, CDKN2A, 

CDKN1A, CDKN1B, CHEK1, CHEK2, MYC, STAT6, NEK2, OGG1, NFE2L2, NOX1, CAT, FAS, FADD, BCL2, 

BAX, CASP3, CYCS, AKT1, DRAM1, NPC1, ALKBH1, ALKBH5, ERCC2, XPA, SOD2, and DIABLO. 

The housekeeping selected were RPLP0 (ribosomal protein P0), B2M (beta chain of MHC class I 

molecules, beta-2-microglobin), GAPDH (glyceraldehyde 3-phosphate dehydrogenase), HPRT1 

(hypoxanthine phosphoribosyltransferase 1), and ACTB (beta actin). The table of genes with catalog 

number can be found in the appendix 2 (table A.2.1). 

Procedure: 

RT2 First Strand Kit (QIAGEN, cat.no 330401) was run for the short-term experiments and week 26 of 

long-term. The procedure followed the described in the RT2 Profiler PCR Handbook (see appendix 1) 

with some modifications. The starting total RNA concentration used was 500 ng for the whole plate, 

and each sample had the same RNA amount. The replicates for each sample were pooled together. A 

total of six 384-well plates containing the 48 genes were designed to run eight samples each. The 

samples were pooled, mixed, vortexed and measured with Qubit to confirm the concentration. For the 

genomic DNA elimination assay 500 ng of RNA were used for mix for each sample. For the Real-time 

PCR part the preparation of the PCR components was done according to table 3.2: 
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Table 3.2 – PCR components mix 

Reagents 1 sample [µl] 
2x RT SYBER Green mix 325 
cDNA synthesis reaction 102 
RNase-free water 223 
Total 650 

 

3.2.7.2 DNA damage - Comet Assay 

The Comet Assay or single-cell gel electrophoresis (SGCE) is one of the standard methods for assessing 

DNA damage in the form of DNA breaks. It involves lysis with detergent and high salt after embedding 

the cells in agarose so that the DNA is immobilized for subsequent electrophoresis. This step removes 

unnecessary organelles and structures but retains the DNA. Once the electrophoretic file is applied, 

DNA strands that have suffered a break will migrate to the anode. This forms a comet like structure, 

which can be view with a fluorescence microscopy, where the fraction of DNA in the tail is proportional 

to the frequency of breaks. There are many variants of this assay, but the Alkaline Single-Cell Gel 

Electrophoresis one makes comet tails more pronounced and extends the useful range of damage that 

can be detected (Collins, 2004). 

The formamido pyrimidine DNA glycosylase (FPG) is a bacterial DNA repair endonuclease that detects 

8-OHdG, 8-oxoguanine (8-oxoG) and other purines that have had oxidative damage. It does it by 

converting damaged bases to breaks so it is a useful tool for assessing oxidative damage to DNA bases 

especially by 8-OHdG and 8-oxoG. FPG attacks 8-oxoG leaving (apurinic/apyrimidinic (AP) sites (Collins 

et al., 1996). After the addition of the enzyme, this AP sites will registered by the comet assay as DNA 

damage, where before they were “camouflaged”. 

For short-term exposures, seeding for the comet assay was done in 6-well plates with a concentration 

of 1.5x105 cells per well (c/well) for 24 hrs, and 3x104 c/well for 72 hrs. For long-term studies 15 cm 

dishes with a concentration of 2.5x105 cells were used. After the end of exposure, cells were 

trypsinized, trypsinate cells, centrifuged at 300xg and 4°C for 10 min. A cell concentration of 2.25x105 

c/ml were sent to NorGenoTech AS in order to run the comet assay. The Alkaline Single-Cell Gel 

Electrophoresis variant was run. Cells were first embedded in the gels, and the lysis was carried out 

with a lysis buffer containing 1% Triton-x100. Then, the gels were washed with buffer F and the enzyme 

treatment was done with a mixture of buffer F and FPG achieving an alkaline incubation (figure 3.5). 

After that the electrophoresis was run and the gels were neutralized and washed. The staining was 
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done by incubating with SyberGold in the dark. Finally, the scoring was done with a fluorescence 

microscope. 

 

Figure 3.5 – Comet Assay buffer and enzyme treatment steps. First cells are lysed in the lysing buffer, followed by washing 
with buffer F and incubation with FPG in a buffer F-FPG mixture. 
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3.2.8 Analysis and statistics 

For this study Standard Deviation (SD) and Standard Error (SE) were used. The first indicates how far 

the sample mean deviates from the population mean, or how close the sample to the mean is from all 

the measurements taken. The SE or SE of the mean (SEM) tells how variable the mean values are. 

3.2.8.1 Gene expression  

For the analysis the plates from the RT2 Profiler were rearranged and the GeneGlobe Data Analysis 

Center (https://www.qiagen.com/no/shop/genes-and-pathways/data-analysis-center-overview-

page/?akamai-feo=off) from QIAGEN.com was used. With the help of the software the fold changes 

were obtained for every gene in all samples analyzed. A cut-off of 0.59-fold reduction was chosen for 

down-regulation and 1.7-fold increase was set for up-regulation. A heatmap was constructed with the 

log2 of the fold change (FC) using GraphPad Prism version 8.00 for Windows (GraphPad Software, La 

Jolla California USA, https://www.graphpad.com/).  

Further analysis of the RT2 Profiler results were done with the help of Rstudio. The packages ggplor2 

and ggpubr were used for creating the figures and plots, reshape2 to reshape the data, magrittr for 

simplifying the R code, FSA for fisheries-related analyses and gridExtra to arrange multiple plots in one 

page. Only short-term (24-72 hrs) results were considered for further analysis due to the fact that the 

long-term exposure did not have enough number of experiments or replicates. 

Eleven genes were chosen from the 40 gene panel and a non-parametrical test (Kruskal-Wallis) was 

run on them. Results were considered statistically significantly different when their p-values were less 

than 0.05. To correct for the problem of increase in false positives due to multiple testing a False 

Discovery Rate (FDR) approach was done, were adjusted p-values were calculated and considered as 

statistically significant when < 0.05. This was chosen instead of the Bonferroni correction because it is 

less conservative and so it would not reduce so much the number of true discoveries. 

3.2.8.2 DNA damage 

Medians for each sample were calculated from the results obtained from NorGenoTech AS. A one-way 

ANOVA was run for the lysis and FPG treatment respectably. The ANOVA assumptions were check. The 

homogeneity of variances was checked with residuals vs. fits plot and in the case of finding outliers, 

the Levene's Test was used. This test has as null hypothesis that all variances are equal so the p-value 

obtained must be more than 0.05 to accept this. The assumption of normality was checked with a Q-

Q plot and by means of a histogram. For the first one the quartiles of the residuals are plotted against 

the ones of the standard residuals, when normality is true they distribute forming approximately a 

straight line. For the second one, a normal distribution should be seen and to be more certain a density 

curve was fitted. Later, a Tukey Honest Significance Differences test (Tukey HSD test) was used in order 

https://www.qiagen.com/no/shop/genes-and-pathways/data-analysis-center-overview-page/?akamai-feo=off
https://www.qiagen.com/no/shop/genes-and-pathways/data-analysis-center-overview-page/?akamai-feo=off
https://www.graphpad.com/
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to analyze each pairwise comparison. In both cases, the p-values and adjusted p-values considered 

significant were those below 0.05. All analysis were done in Rstudio with the help of the following 

packages: ggplor2, ggpubr, reshape2, magrittr, car, and DTK for the Tukey HSD test as it analyzes multi-

level one-way experimental designs.  
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4. Results 

4.1 Analysis of physicochemical properties by DLS 

Physicochemical properties of NMs are important features for their toxicity. In figure 4.1, sizes 

distributed by intensities were plotted for each NM in dispersion medium (stock), cell culture medium 

and exposure time.  

 

Figure 4.1 – Size distribution for NM104, NM400 and NM401. Particle size was measured by DLS methodology. Size 

distributions were plotted against percent intensity for NM104, NM400 and NM401 in stock, at 0, 24 and 72 hrs in cell media. 

(A) Size distribution for NM104; (B) Size distribution for NM400; (C) Size distribution for NM401. 

All NMs showed different size distributions in dispersion medium compared to cell culture medium. 

NM104 had a smaller size distribution in culture media than in stock (figure 4.1A) and the diameter in 

cell culture media was 301 ± 86 nm, whereas the particles dissolved in the dispersion medium had a 

diameter of 1369 ± 398 nm. NM400 had a heterogeneous size distribution in cell culture media with 

higher distribution compared to stock (figure 4.1B). In stock the diameter of particles was 179 ± 5 nm 

but in cell culture media at 0 hrs it was 1449 ± 248 nm, at 24 hrs it was 1841 ± 370 nm and at 72 hrs it 

was 893 ± 179 nm. The particle sizes of NM401 were smaller in stock being 700 ± 11 nm compared to 

1100 ± 52 nm, 1718 ± 212 nm and 1872 ± 136 in cell culture media at 0, 24 and 72 hrs, respectively 

(figure 5.1C).    
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4.2 Analysis of toxicological endpoints of NM exposure 

The expression of a panel of target genes and pathways related to health effects of NMs particularly 

lung diseases was analyzed. Both short-term (figure 4.2A) and long-term (figure 4.2B) NM exposure 

led to changes in the expression of twenty-one genes from different biological pathways.   

 

 

Figure 4.2 - Affected genes identified from the RT2 Profiler gene expression array after short-term and long-term exposure to 

NMs arranged by pathways. (A) Short-term exposure (24-72 hrs); (B) Long-term exposure (26 weeks). Up and down-regulation 

is shown by the direction of the arrows. *TNF: TNFA 

 

Short-term NM exposure affected the expression of 16 genes, whereas long-term exposure affected 

expression of 14 genes. The regulated genes were involved in cell cycle, DNA repair, autophagy, 

apoptosis, inflammation and oxidative stress. In the long-term exposed cells (26 weeks), the expression 

of DNA methylation genes was additionally altered (figure 4.2B). The expression of three genes 

(CDKN1A, NOX1 and TNFA) was regulated by all NMs, two genes (CDKN2A and CHEK1) were affected 

by exposure to NM104 or NM401 and seven genes were affected by exposure to NM400 or NM401 

(ALKBH1, ATR, DNMT3B, DRAM1, FAS, NPC1, SOD2).  

Differences in expression patterns after exposure for the three NMs depending on dose and exposure 

time of each NM were analyzed. The log2 fold changes of the 40 genes analyzed by the RT2 profiler 

array are presented in a heatmap shown in figure 4.3 and detailed numbers are found in 

supplementary tables A.2.2-4 in appendix 2.  
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Figure 4.3 – Heatmap from the log2 fold change of the 40 genes analyzed by the RT2 Profiler panel. The map is separated by 

NM exposure (left side of the map). The scale bar on the right shows up-regulation in pink (cut off: 1.7) and down-regulation 

in blue (cut off: 0.59). The x corresponds to a discard value. Hd: High dose; Ld: low-dose. *TNF: TNFA 

 

Eleven genes were chosen for further statistical analysis based on the cut-off levels chosen for 

upregulation (+1.7-fold) or down-regulation (-0.59-fold). The fold changes in the expression levels of 

these genes are shown in tables A.2.5-7 in the appendix. Below is a description of the genes that were 

affected by each NM.   

Although no statistically significant differences in gene expression were observed on NM104 exposed 

cells for 24 or 72 hrs, in the case of 72 hrs a trend for up-regulation was seen for TNFA. Fold changes 

and p-values can be seen in table A.2.5 in the appendix.  

NM400 exposed cells showed no significant regulation at 24 hrs, but a trend was seen for an up-

regulation of TNFA. Cells exposed to the high dose of NM400 for 72 hrs had a 2-fold up-regulation of 

ALKBH1 (P=0.034) and a 3-fold increase in CDKN1A expression (P=0.034) compared to control cells 

(figure 4.4). Furthermore, trends towards increased expression of DRAM1, SOD2 and FAS genes were 

observed, however, these were not statistically significant. Fold changes and p-values are presented 

in Table A.2.6 in the appendix. 
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Figure 4.4 – Gene expression for NM400 exposed cells at 24 and 72 hrs for the genes ALKBH1 and CDKN1A. (1) 24 hrs; (2) 72 

hrs. Box and whiskers plots show IQR and median of fold change. Kruskal Wallis for comparisons between groups followed by 

FDR correction. Significant comparisons *P<0.05. Ctrl: control; Hd: high dose; Ld: low dose. 

 

NM401 exposure at the low dose did not affect the expression of the analyzed genes. NM401 exposure 

at the high dose significantly altered the expression of four genes at 24 and 72 hrs (figure 4.5). Although 

not affected at 24 hrs of exposure, the CAT gene expression was 2-fold decreased compared to the 

control (P=0.034) at 72 hrs of NM401 exposure (figure 4.5A). DRAM1 had a 2.8-fold increase following 

24 hrs exposure to the high dose of NM401 compared to control but no significant regulation was seen 

at 72 hrs (figure 4.5B). NPC1 showed a 2.3-fold up-regulation (P=0.034) for the high dose at 24 hrs but 

not at 72 hrs (figure 4.5C). SOD2 was 7.8-fold up-regulated (P=0.034) for the high dose at 24 hrs but 

not at 72 hrs (figure 4.5D).  
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Figure 4.5 – Gene expression for NM401 exposed cells at 24 and 72 hrs for the genes CAT, DRAM1, NPC1 and SOD2. (1) 24 hrs; 

(2) 72 hrs. Box and whiskers plots shows IQR and median of fold change. Kruskal Wallis for comparisons between groups 

followed by FDR correction. Significant comparisons *P<0.05. Ctrl: control; Hd: high dose; Ld: low dose. 
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Even though no other significant differences were found, some trends were observed. In the case of 

TNFA a trend towards up-regulation of gene expression was seen for 24 hrs and 72 hrs. ALKBH1, BCL2, 

CDKN1A, DRAM1, FAS, NEIL3, NPC1 and SOD2 also showed a trend towards increased expression but 

only for the 72 hrs exposure (Fold changes and p-values are presented in Table A.2.7 in the appendix).  

Comparison of the overlapping effect of exposure to the three NMs was analyzed. Nine genes were 

specifically affected by exposure to NM401, but no genes were specifically affected by NM104 or 

NM400 exposures (figure 4.8).  

 

Figure 4.8 – Comparison of affected genes across NM exposed cells from fold changes obtained from the RT2 analysis. Genes 

regulated by exposure to each NM are listed. *TNF: TNFA 
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4.3 Analysis of NM-induced oxidative damage by comet assay  

The genotoxic and oxidative DNA damaging effects of NM exposure were investigated using the Comet 

Assay with and without presence of the FPG enzyme in the assay. The results showed that none of the 

NMs induced oxidative DNA damage at the doses tested for the short-term exposures (figure 4.6).  

 

Figure 4.6 – Boxplots for short-term Comet Assay. (A) 24 hrs; (B) 72 hrs. No DNA damage was observed after 24 or 72 hrs 

exposure with NMs at 1.92 mg/cm2 (Hd) and 0.96 mg/cm2 (Ld) evaluated by a modified comet assay. Plots show an average 

of three independent experiments in triplicates. Box and whiskers plots shows IQR and median of % of tail intensity. One-way 

ANOVA followed by Tukey HSD for assessing multiple comparisons between samples.  

However, long term exposure to NMs suggests a possibility of oxidative DNA damage in the presence 

of the FPG enzyme (+FPG), but not without FPG (- FPG) for NM104 and NM401, however, statistical 

analysis was not possible due to the limited number of replicates (figure 4.7). 

 

 

Figure 4.7 – Comet assay for week 26. DNA damage observed after 26 weeks of exposure with NMs at 1.92 mg/cm2 (Hd) and 

0.96 mg/cm2 (Ld) evaluated by a modified comet assay. Plots show averages from one experiment with two replicates. Error 

bars show SE.   
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5 Discussion 

5.1 Choice of materials and methods 

The present work was carried out in order to study the mechanisms and pathways behind the toxicity 

of three NMs over short and long-term exposures using a human lung epithelial cell line in vitro. 

Concerning the cell type, the subject of study here was inhalation exposure in occupational settings 

making the target organ the human lung and the specific line, HBEC-3KT is an immortalized normal 

lung epithelial line, which can grow continuously in culture making it a good candidate for in vitro 

studies. Their normal phenotype will hopefully allow them to display similar responses and 

characteristics to primary lung cells (Ramirez et al., 2004).  

One TiO2 (NM104) and two different MWCNTs (NM401 and NM400) were chosen based on previous 

studies done by our research group. NM401 was selected because of its similarities with the MWCNT 

Mitsui-7 that has been categorized by the International Agency for Research on Cancer (IARC) as 

possibly carcinogenic (Cancer, 2017) and has recently shown in a rat inhalation study, capacity to 

induce lung cancer (Kasai et al., 2016). NM104 and NM400 were of interest due to their capacity to 

transform cells and formed colonies in soft agar (Phuyal et al., 2017). Most of the studies concerning 

toxicity of MNMs focus on acute and high dose exposures, especially regarding cell models. With very 

few exceptions, the ones with long-term exposure times still use high doses that are not found in real 

life situations for occupational settings. This study tackles this issue employing lower doses of the 

investigated NMs compared to what is published in in vitro studies in the existing literature (Botelho 

et al., 2014; Wu et al., 2009). Furthermore, the study implements both acute short-term exposure 

times (24 and 72 hrs) and chronic long-term continuous exposure scenario of 26 weeks to investigate 

both acute and chronic toxicological effects.  

Lung inflammation, fibrosis and cancer are the most concerning health effects of inhaled MNMs in 

occupational settings with multiple potential mechanisms of toxicity. Therefore, a custom and focused 

gene expression array was designed to analyze target genes from signaling pathways related to lung 

inflammation, fibrosis and cancer. The target genes from each pathway were selected by a candidate 

gene and hypothesis-driven approach. We included genes that were shown in the literature to have 

been involved in toxicological effects of similar types of particles used here, or we hypothesized that 

could have toxicological effects based on our knowledge on particle induced health effects.  
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5.2 Physicochemical characterization of MNMs 

DLS analysis showed that the apparent size distribution of NM400 differed from NM104 and NM401, 

being very heterogeneous in the culture media. This is consistent with what was reported by our 

previous observations (Phuyal et al., 2017). When looking at the diameter, there were some similarities 

with the DLS results from this study compared with previous study by Phuyal et al. (2017). All NMs 

presented batch to batch variations but the most stable one was NM401. Of note, there is a clear 

difference between the changes in diameter from the stock dispersion solution to the cell culture 

media for the different NMs. NM400 and NM401 behave more similar going from a smaller diameter 

to a larger diameter when in the cell media, whereas for NM104 the diameter becomes smaller in cell 

culture media compared to stock solution. The NMs have previously been analyzed by TEM (Phuyal et 

al., 2017) and therefore we did not perform new TEM characterization. 

It has been demonstrated that the physicochemical characteristics of MNMs have a profound impact 

on the toxicity of these materials (Gatoo et al., 2014; Sukhanova et al., 2018). Efforts have been made 

to propose grouping approaches based on common physicochemical properties along with specific 

mechanisms of toxicity (mode of action), in order to ease assessment of health hazards (Landvik et al., 

2018). Based on the physicochemical characteristics and the mode of action, the asbestos-like particle 

known as Mitsui-7 has been classified by IARC in group 2B, as possibly carcinogenic to humans (Cancer, 

2017). NM401 exhibits similar physicochemical properties to Mitsui-7 having long, straight and rigid 

fibers similar in length and diameter (Snyder-Talkington et al., 2013). Due to their close 

physicochemical resemblance, they could have similar toxicological effects as typical WHO fibers such 

as asbestos fibers. On the other hand, NM400 is a MWCNT that compared with NM401 is shorter, 

thinner and less rigid. It is interesting to note that based on the criteria for grouping MNMs proposed 

by Landvik et al. (2018), NM400 could be grouped as a granular biopersistant particle (GBP) or poorly 

soluble low toxicity (PSLT) particle and so, belonging to the same group as NM104 titanium dioxide 

particles.   

5.3 NM exposure differentially affects multiple known and novel 

biological pathways   

The cell has various mechanisms in order to maintain normal function, grow, and differentiate. These 

are controlled by the expression of several genes which, when altered can lead to cell damage and cell 

death or uncontrolled proliferation that might eventually lead to the development of chronic 

inflammatory diseases and cancer. Development of these diseases is often associated with molecular 

changes such as gene expression in a number of biological pathways. Exposure to various NMs has 
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been shown to lead to alterations in the expression of genes involved in ROS generation/detoxification, 

inflammatory responses, DNA damage/repair, cell proliferation and cytotoxicity (Donaldson et al., 

2013; Kim et al., 2016; Magaye et al., 2012). In addition to these known pathways, several genes 

involved in less investigated pathways such as; autophagy, DNA methylation and DNA repair genes 

such as ALKBH1 and NEIL3 were investigated. The mechanism of cell death by autophagy could be 

relevant for those cases where alterations in the apoptotic and necrotic mechanisms are not seen. It 

is also likely that some of the long-term effects of NMs may be related to epigenetic changes such as 

change and maintenance of the 5-methyl cytosine pattern in DNA. The NEIL and ALKBH genes are 

suggested to be involved in repair of oxidative modifications in DNA, RNA and histone molecules, 

respectively (A. Alemu et al., 2016; Ougland et al., 2015).  

 

In this study, MNMs exposure altered the expression of 21 genes. Comparison of short-term and long-

term exposure showed that the expression of 16 genes were affected by the short-term exposure to 

NMs. These genes were evenly distributed in all examined pathways with the exception of DNA 

methylation. The pathways and particularly the set of genes regulated during each exposure time were 

different. For the short-term exposure, at 24 hrs exposure genes involved in apoptosis and cell cycle, 

such as TNFA, were affected. Others have reported similar results where an increased TNFA expression 

was observed in murine macrophages (RAW) and primary mouse bone marrow-derived macrophages 

(BMSM) after 24 hrs of treatment with TiO2 (Chen et al., 2018). Increased apoptosis was also seen, in 

mouse epidermal JB6 cells exposed with tungsten carbide-cobalt NPs (Zhao et al., 2013), and in silica 

treated human hepatoma cells (HepG2), also showed apoptosis after 24 hrs of exposure (Lu et al., 

2011). In our study, the 72 hrs exposure had the highest number of regulated genes from the three 

exposure times, with regulation in genes that are more central to the affected pathways. Particularly 

on DNA repair, apoptosis and cell cycle (which was not affected on 24 hrs), suggesting a greater 

implication of these pathways at this time point. Similarly, aberrations in cell cycle have been reported 

by other studies in HeLa cells exposed with MWCNTs after 72 hrs (Renero-Lecuna, 2019). 

On week 26, the cell cycle pathway seemed to be more affected along with the pathway for DNA 

methylation where up-regulation of DNMT3A and DNMT3B were observed. Although other studies 

have reported alterations in the expressions of DNMTs after TiO2 exposure (Patil et al., 2016) and other 

MWCNTs (J. Li et al., 2016) most of them showed a decrease in expression of these genes. However, 

Chatterjee et al. (2017), demonstrated that the differences in NMs, cell culture conditions and even 

the type of cell line affected the expression of the DNMT genes and the global methylation, showing 

an up-regulation for HepG2 cells but a decrease in expression for human lung epithelial BEAS-2B cells. 

Our data suggest a distinction in the gene regulation between acute (24 hrs, 72 hrs) and chronic (26 
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weeks) exposure. However, as effects of the NMs used in our study have not previously been analyzed 

in HBEC-3KT cells, it is difficult to say if differences in culture conditions or NMs may influence the 

change in gene regulation observed here.  

 

When comparing the expression profile of the different NM exposed cells, it was seen that exposure 

to NM401 resulted in the highest number of regulated genes. NM104 gave the lowest number of 

regulated genes followed by NM400. Three genes (CDKN1A, TNFA and NOX1) were affected by all three 

NMs. CDKN1A codes for a protein whose most known function is the inhibition of Cdks and thus acting 

as a regulator of cell cycle progression at G1, promoting cell cycle arrest. It also participates in the 

regulation of other process such as DNA repair and apoptosis (Dutto et al., 2015). Its regulation has 

been linked to many types of cancer due to its dual nature as a tumor suppressor and oncogene 

depending on its localization (Gartel, 2005). Søs Poulsen et al. (2013) found up-regulation of CDKN1A 

on murine lung cells exposed to Mitsui-7 after 24 hrs exposure, and it was also found to be up-

regulated in mice exposed for 90 days with TiO2 NPs (B. Li et al., 2013). TNFA codes for a pro-

inflammatory cytokine that is involved in the regulation of various processes but with a central role in 

inflammation and apoptosis, and alterations in this gene are linked to a wide number of inflammatory 

diseases and cancer. Up-regulation of TNFA has been associated with NMs exposure (Khanna et al., 

2015) and high protein levels have been reported after inhalation experiments with MWCNTs in rats 

(Francis et al., 2015). This suggests that up-regulation of CDKN1A and TNFA are common features of 

NMs exposure. Furthermore, even though not much is known about NOX1 and NMs exposure, NOX1 

has a role in oxidative stress as it codes for a NADPH oxidase family member which is involved in the 

production of superoxide, and NOXs up-regulation has been well reported for various cancers including 

lung cancer (Han et al., 2016).  

For NM104 exposed cells no significant or other trend in regulation was seen after 24 or 72 hrs 

exposure. NM400 showed a significant up-regulation of two DNA repair genes, ALKBH1 and CDKN1A. 

ALKBH1 is member of the human ALKBH1-9 family genes involved in reversal of DNA alkylation damage 

in DNA, RNA as well as the histone 2a. Recent findings have linked the increased expression of ALKBH1 

with the depletion of N6-methyl-2′-deoxyadenosine (m6dA), an epigenetic mark who has been 

identified as having potential regulatory roles in gene regulation (Luo et al., 2015; Xie et al., 2018). 

Another study linked this m6dA depletion with an increase of ALKBH1 in lung carcinoma (Xiong et al., 

2018). The ALKB family of proteins are also important players in removal of base modifications from 

RNA and thereby affecting gene translation and particularly RNA modifications caused by chemical or 

particle exposure (A. Alemu et al., 2016).  
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Following NM400 exposure, trends for up-regulation of DRAM1, SOD2 and FAS genes were observed. 

DRAM1 is necessary for the induction of the autophagy pathway as well as being involved in the 

regulation of apoptosis (Crighton et al., 2006). DRAM1 is found up-regulated in SWCNT treated human 

bronchial epithelial cell line BEAS-2B (Park et al., 2014). SOD2 encodes a metalloenzyme that catalyzes 

the dismutation of superoxide to form H2O2 or molecular oxygen (O2) and it is localized in the 

mitochondria (Wang et al., 2018). SOD2 is part of the oxidative stress pathway and it was found to be 

up-regulated after exposing small airway epithelial cells to Mitsui-7 for 24 hrs (Snyder-Talkington et 

al., 2013). FAS encodes a surface receptor with a death domain that is involved in apoptosis activation, 

and its expression increases after DNA damage (Waring & Müllbacher, 1999). FAS up-regulation has 

been associated with various types of NMs exposure (De Stefano et al., 2012). The regulation seen in 

NM400 exposed cells in our study could suggest an effect of this MNM on the apoptosis pathway.  

Exposure to NM401 had significant effect on the regulation of two oxidative stress genes CAT and SOD2 

and two autophagy genes (DRAM1 and NPC1). However, like NM400, trends in up-regulation of 

ALKBH1, BCL2, CDKN1A, FAS and NEIL3 were also observed. CAT encodes catalase, a dismutase that 

converts H2O2 into O2 and H2O, is considered part of the first line antioxidant defense (Ighodaro & 

Akinloye, 2018). Its down-regulation has been seen as a result of MWCNTs exposure in human lung 

adenocarcinoma (A549) cells (Srivastava et al., 2011) and linked to cancer metastasis (Tsai et al., 2014). 

NPC1 encodes a membrane protein that mediates intracellular cholesterol traffic in endosomes and 

lysosomes. Although the mechanism is not known, it is involved in the fusion of the late endosomes 

with the autophagosomes in the autophagy process (Sarkar et al., 2013). BCL2 encodes an anti-

apoptotic protein, which is a key regulator of the apoptosis process, and its up-regulation has been 

registered after exposure to NMs (Campbell & Tait, 2018; Nahle et al., 2019; Phuyal et al., 2018). NEIL3 

codes for a glycosylase which cleaves bases damaged by oxidative stress as an initial step in the base 

excision repair mechanism (Albelazi et al., 2019). Altogether, our data may suggest that exposure to 

NM401 affects the apoptosis, autophagy and oxidative stress pathways.  

 

DNA damage is one of the most frequently reported effects after NM’s exposure although opinions on 

the matter are divided, as differences in NM’s physicochemical properties and even cell lines seem to 

have an influence in the effects observed. In the case of exposure with TiO2 most of the available 

studies are done on anatase TiO2 and differences in effects have been noted between the most used 

structures (anatase and rutile). For example, Petkovic et al. (2011) demonstrated that anatase TiO2 but 

not rutile caused DNA damage on 24 hrs exposed HepG2 cells. On the other hand, a study on BEAS-2B 

cells exposed to uncoated rutile induced DNA damage after 24, 48 and 72 hrs of exposure (Falck et al., 
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2009). The same is the case for MWCNTs, where Ju L., et al., (2014) found no DNA damage after 24 hrs 

exposure with a MWCNT of >1µm of length and 30 nm of diameter on A549 cells. Furthermore, Kim et 

al. (2016) reported DNA damage after 24 and 48 hrs of exposure with a MWCNT of 200 µM of length 

and 10-15 nm of diameter on human peripheral blood lymphocytes (HPBLs). However, in our 

experiments no DNA damage was registered for any of the NMs at the analyzed time points. This is in 

agreement with previous findings by our group for NM400 (Phuyal et al., 2018), NM104 and NM401 

(unpublished results) where the same cell line was used. Although no DNA damage was observed, 

generation of ROS should not be discarded even though the FPG Comet Assays were negative, as up-

regulation of NOX1 and SOD2 were seen. 
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5.5 Conclusion and future perspective 

We found differential expression of the genes depending on exposure time, type of the NM and dose 

used. We also found that a larger number of genes were affected by NM401. This is an interesting 

observation because NM401 MNM exhibits similar physicochemical properties to Mitsui-7 having long, 

straight and rigid fibers and it could be speculated that it may confer similar toxicological effects in the 

exposed cells. NM400 is also a MWCNT that compared with NM401 is shorter, thinner and less rigid. 

It is interesting to note that based on the criteria for grouping MNMs proposed by Landvik et al. (2018), 

NM400 could be grouped as a GBP or poorly soluble low toxicity (PSLT) particle and so, belonging to 

the same group as NM104.  

The acute and chronic exposure to the NMs had differential effects as regard to down- or up-

regulation. Some genes that were up-regulated by the short-term exposure were then regulated in the 

opposite direction during the long-term. This shows that expression of the genes may change during 

the course of exposure. A finding of note was that the DNA methylation maintenance pathway was 

identified as altered only by the long-term exposure to NMs. This observation is of interest as changes 

in the methylation pattern of 5-methyl cytosine in DNA require time to be fixed in the DNA to become 

stable. Fixed and stable changes in the methylation pattern of DNA will presumably affect the 

expression of genes that ultimately could affect development of chronic diseases such as development 

of chronic inflammation, fibrosis and cancer. 

Even though we have pursued a mechanistic study to understand mechanisms of NMs in a human cell 

model with a targeted pathway approach, more work is needed in order to elucidate the various 

molecular mechanisms involved in the chronic effects of these NMs, and in particular verification of 

the results is warranted in realistic in vitro and in vivo inhalation experimental studies.  
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APPENDIX   

Appendix 1 - Protocols 

For the preparation of particles for exposure the NanoGENOTOX protocol was used: 

http://www.nanogenotox.eu/files/PDF/web%20nanogenotox%20dispersion%20protocol.pdf 

DNA and RNA isolation by AllPrep DNA/RNA Mini 

For the DNase treatment the RNase-Free DNase Set Product Sheet obtained from the manufacturer’s 
website: (https://www.qiagen.com/no/resources/resourcedetail?id=b0ca9e5a-ff87-476e-811b-
ff80e4f07b3f&lang=en) 

The clean-up was done according to the RNeasy MinElute Cleanup Handbook obtained from the 
manufacturer’s website (https://www.qiagen.com/no/resources/resourcedetail?id=06f3d3ff-5926-
4915-bffe-4adcf99266aa&lang=en)  

For quantifying the amount of DNA and ARN with the NanoDrop and the Qubit 4 Fluorometer, the 
procedure followed was according to the manufacturer’s manuals. 

NanoDrop: (https://www.thermofisher.com/document-connect/document-
connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-
Assets%2FCAD%2Fmanuals%2FNanoDrop-2000-User-Manual-
EN.pdf&title=TmFub0Ryb3AgMjAwMC8yMDAwYyBTcGVjdHJvcGhvdG9tZXRlcnMgLSBVc2VyIE1hbnVh
bA==) 

Qubit 4 Fluorometer: https://assets.thermofisher.com/TFS-
Assets/LSG/manuals/MAN0017209_Qubit_4_Fluorometer_UG.pdf 

Foe the quality measurements done with the Bioanalyzer the procedure followed was according to 
the manufacturer’s manual https://www.agilent.com/cs/library/usermanuals/public/G2938-
90037_RNA6000Nano_QSG.pdf.  

RT2 Profiler PCR Handbook: https://www.qiagen.com/no/resources/resourcedetail?id=f4b13eaa-
884f-4357-abe6-1a5f9469bc32&lang=en 
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Appendix 2 – RT2 Profiler  
Table A.2.1 - Panel of 40 selected genes with gene symbol, official full name, pathways associated and catalogs numbers: 

Gene  Official Full Name Pathway Cat. No 

AKT1 v-akt murine thymoma viral oncogene homolog 1 Apoptosis, autophagy, cell 
cycle, cancer, inflammation PPH00088B 

ALKBH1 alkB homolog 1, histone H2A dioxygenase DNA repair PPH10550B 
ALKBH5 AlkB family member 5, RNA demethylase DNA repair PPH17841B 

ATM ATM serine/threonine kinase Cell cycle, apoptosis, DNA 
repair PPH00325C 

ATR ATR serine/threonine kinase Cell cycle, DNA repair PPH01318B 
BAX BCL2-associated X protein Cancer, apoptosis PPH00078B 

BCL2 BCL2 Apoptosis Regulator Apoptosis, autophagy, cell 
cycle PPH00079B 

CASP3 caspase 3, apoptosis-related cysteine peptidase Apoptosis PPH00107C 
CAT Catalase Oxidative stress PPH00420B 

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1) Cell cycle, DNA repair, 
apoptosis PPH00211E 

CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) Cell cycle, autophagy PPH00212C 

CDKN2A cyclin-dependent kinase inhibitor 2A Cell cycle, apoptosis, 
autophagy PPH00207C 

CHEK1 checkpoint kinase 1 Cell cycle, DNA repair PPH00940C 
CHEK2 checkpoint kinase 2 Cell cycle, DNA repair PPH00921B 
CYCS cytochrome c, somatic Apoptosis PPH20675F 
DIABLO diablo, IAP-binding mitochondrial protein Apoptosis PPH05797A 
DNMT1 DNA methyltransferase 1 DNA Methylation PPH01055F 
DNMT3A DNA methyltransferase 3 alpha DNA Methylation PPH02339B 
DNMT3B DNA methyltransferase 3 beta DNA Methylation PPH01054F 
DRAM1 DNA damage regulated autophagy modulator 1 Apoptosis, autophagy PPH19768F 
ERCC2 excision repair cross-complementation group 2 DNA repair PPH01550C 
FADD Fas (TNFRSF6)-associated via death domain Apoptosis PPH00367A 
FAS Fas cell surface death receptor Apoptosis PPH00141B 
HDAC4 histone deacetylase 4 Cell cycle PPH05912F 
ING1 inhibitor of growth family, member 1 Cancer, apoptosis PPH09303A 

MYC v-myc avian myelocytomatosis viral oncogene 
homolog Cancer, cell cycle, apoptosis PPH00100B 

NEIL3 nei like DNA glycosylase 3 DNA repair PPH02666B 
NEK2 NIMA-related kinase 2 Cell cycle PPH12897A 
NFE2L2 nuclear factor, erythroid 2-like 2 Inflammation, oxidative stress PPH06070A 
NOX1 NADPH oxidase 1 Autophagy PPH06068A 
NPC1 NPC intracellular cholesterol transporter 1 Oxidative stress PPH06357A 
OGG1 8-oxoguanine DNA glycosylase DNA repair, oxidative stress PPH02103A 
RAD1 RAD1 checkpoint DNA exonuclease Cell cycle, DNA repair PPH00741F 
RAD17 RAD17 homolog (S. pombe) Cell cycle, DNA repair PPH00929F 
SKI SKI proto-oncogene Cancer PPH06029G 
SOD2 Superoxide dismutase 2 Oxidative stress PPH01716B 

STAT6 signal transducer and activator of transcription 6, 
interleukin-4 induced Inflammation PPH00760D 

TNFA tumor necrosis factor alpha Cancer, apoptosis, 
inflammation PPH00341F 

TP53 tumor protein p53 Cancer, apoptosis, cell cycle, 
DNA repair PPH00213F 

XPA xeroderma pigmentosum, complementation 
group A DNA repair PPH01524C 
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Table A.2.2 - Fold changes for regulated genes after 24 hrs of exposure. Average form three experiments. In bold: upregulated 

genes.  

24 hrs - Average E1, E2 ,E3 
 

Symbol NM104 C1 NM104 C2 NM400 C1 NM400 C2 NM401 C1 NM401 C2 

ALKBH1 1.18 1.06 1.23 1.10 1.72 1.40 
DRAM1 1.09 0.95 1.46 1.32 2.84 1.96 
NOX1 2.33 1.00 1.07 1.06 1.17 1.35 
NPC1 1.13 1.12 1.05 1.12 2.29 1.80 
SOD2 1.01 1.03 1.47 1.45 7.77 5.32 
TNFA 0.99 1.36 2.71 2.49 35.99 25.20 

 

Table A.2.3 - Fold changes for regulated genes after 72 hrs of exposure. Average form three experiments. In bold: up-regulated 

genes; **down-regulated genes. 

72 hrs - Average E1, E2 ,E3 
 

Symbol NM104 C1 NM104 C2 NM400 C1 NM400 C2 NM401 C1 NM401 C2 

ALKBH1 0.98 0.96 1.97 1.63 2.47 2.17 
BCL2 0.86 0.80 0.80 0.66 2.05 2.21 
CASP3 0.95 0.90 1.39 1.33 1.85 1.75 
CAT 0.93 0.93 0.80 0.83 ** 0.48 ** 0.53 
CDKN1A 1.18 1.12 3.03 2.63 1.91 1.75 
CHEK1 0.98 0.93 0.92 0.92 1.92 1.87 
DRAM1 0.98 0.91 2.24 1.97 2.88 2.70 
FAS 0.98 1.01 1.90 1.68 2.57 2.41 
NEIL3 0.84 0.81 0.88 0.87 2.16 2.21 
NEK2 0.78 0.84 1.34 1.12 2.11 2.31 
NOX1 1.11 1.90 2.47 1.71 1.48 0.88 
NPC1 1.09 1.04 1.56 1.44 2.52 2.16 
RAD1 0.91 0.87 1.13 1.07 1.94 1.83 
SKI 0.94 1.00 1.52 1.30 1.89 1.72 
SOD2 1.10 0.94 2.45 2.25 3.88 3.55 
TNFA 1.82 0.94 2.33 2.97 8.38 12.68 
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Table A.2.4 - Fold changes for regulated genes after 26 weeks of exposure. Average form three experiments. In bold: up-

regulated genes; **down-regulated genes. 

Week 26 
 

Symbol NM104 C1 NM104 C2 NM400 C1 NM400 C2 NM401 C1 

ATR 1.06 0.93 1.69 1.87 2.05 
CDKN1A 1.68 2.07 1.11 1.42 2.53 
CDKN2A 0.65 1.82 ** 0.00 0.68 1.92 
CDKN1B 1.06 1.02 1.04 1.04 1.76 
CHEK1 0.95 ** 0.58 1.22 1.25 1.14 
DNMT3A 0.96 1.15 1.29 1.41 1.71 
DNMT3B 1.27 0.63 1.94 1.66 2.26 
DRAM1 0.93 1.10 1.00 1.06 2.44 
FAS 1.07 0.94 1.15 1.22 2.15 
NOX1 ** 0.37 0.93 ** 0.52 1.46 ** 0.53 
NPC1 1.09 1.08 1.94 2.23 2.29 
SKI 0.98 0.84 1.54 1.56 1.80 
TNFA 1.09 ** 0.32 0.86 ** 0.49 ** 0.43 

 

Table A.2.5 – Fold changes for high dose (Hd) and low dose (Ld) for the eleven chosen genes exposed to NM104 for 24 hrs and 

72 hrs. P-values (crude) for Kruskal Wallis. In bold: up-regulated genes; **down-regulated genes. 

NM104 24 hrs 72 hrs 
 Fold change p-value Fold change p-value 
  Hd Ld Crude adjusted Hd Ld Crude Adjusted 
ALKBH1 1,18 1,06 0,875 - 0,98 0,96 0,733 - 
BCL2 1,23 1,13 0,957 - 0,86 0,80 0,561 - 
CAT 0,93 0,98 0,430 - 0,93 0,93 0,288 - 
CDKN1A 1,11 1,17 0,733 - 1,18 1,12 0,491 - 
DRAM1 1,09 0,95 0,733 - 0,98 0,91 0,43 - 
FAS 1,00 0,94 0,733 - 0,98 1,01 0,837 - 
NEIL3 1,02 1,00 1,000 - 0,84 0,81 0,43 - 
NOX1  2,33 1,00 0,875 - 1,11  1,90 0,875 - 
NPC1 1,13 1,12 0,587 - 1,09 1,04 0,561 - 
SOD2  1,01 1,03 0,875 - 1,10 0,94 0,148 - 
TNFA 0,99 1,36 0,393 - 1,82 0,94 0,061 - 
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Table A.2.6 - Fold changes for high dose (Hd) and low dose (Ld) for the eleven chosen genes exposed to NM400 for 24 hrs and 

72 hrs. P-values (crude) for Kruskal Wallis analysis and adjusted p-values from FDR correction. All adjusted p-values correspond 

to the Hd. In bold: up-regulated genes; **down-regulated genes; ●P<0.05. 

NM400 24 hrs 72 hrs 
  Fold change p-value Fold change p-value 
Gene Hd Ld Crude adjusted Hd Ld Crude Adjusted 
ALKBH1 1,23 1,10 0,837 - 1,97 1,63 ● 0.039  ● 0,034 
BCL2 0,88 1,10 0,733 - 0,80 0,66 0,252 - 
CAT 0,98 0,99 0,957 - 0,80 0,83 0,148 - 
CDKN1A 1,40 1,28 0,393 - 3,03 2,63 ● 0.039  ● 0,034 
DRAM1 1,46 1,32 0,329 - 2,24 1,97 0,051 - 
FAS 1,09 1,03 0,875 - 1,90 1,68 0,051 - 
NEIL3 0,79 0,87 0,329 - 0,88 0,87 0,587 - 
NOX1 1,07 1,06 0,491 - 2,47 1,71 0,587 - 
NPC1 1,05 1,12 0,651 - 1,56 1,44 0,061 - 
SOD2  1,47 1,45   0,066 - 2,45 2,25 0,066 - 
TNFA 2,71 2,49 0,066 - 2,33 2,97 0,133 - 

 

Table A.2.7 - Fold changes for high dose (Hd) and low dose (Ld) for the eleven chosen genes exposed to NM401 for 24 hrs and 

72 hrs. P-values (crude) for Kruskal Wallis analysis and adjusted p-values from FDR correction. All adjusted p-values correspond 

to the Hd. In bold: up-regulated genes; **down-regulated genes; ●P<0.05. 

NM401 24 hrs 72 hrs 
  Fold change p-value Fold change p-value 
Gene Hd Ld Crude adjusted Hd Ld Crude Adjusted 
ALKBH1 1,72 1,40 0,202 - 2,47 2,17 0,061 - 
BCL2 1,11 1,27 0,670 - 2,05 2,21 0,066 - 
CAT 0,82 0,86 0,113 - ** 0,48 0,53 ● 0.039 ● 0,034 
CDKN1A 1,27 1,21 0,561 - 1,91 1,75 0,061 - 
DRAM1 2,84 1,96 ● 0.039 ● 0,034 2,88 2,70 0,061 - 
FAS 1,25 1,16 0,252 - 2,57 2,41 0,051 - 
NEIL3 0,78 0,89 0,288 - 2,16 2,21 0,066 - 
NOX1 1,17 1,35 0,061 - 1,48 0,88 0,837 - 
NPC1 2,29 1,80 ● 0.039 ● 0,034 2,52 2,16 0,051 - 
SOD2  7,77 5,32 ● 0.039 ● 0,034 3,88 3,55 0,061 - 
TNFA 35,99 25,20 0,051 - 8,38 12,68 0,051 - 
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Appendix 3 – Materials 
Table A.3.1 - Kits 

Kits Manufacturer Cat. No. 
AllPrep DNA/RNA Mini Kit QIAGEN 80204 

RT2 First Strand Kit QIAGEN 330401 

Cell counting chamber slides Invitrogen C10314 
 

Table A.3.2 – Disposable equipment 

Disposable equipment Manufacturer 
Falcon tubes 15 ml Sarstedt 

falcon tubes 50 ml Sarstedt 
6-well plates Sarstedt 
10 cm plates Sarstedt 
15 cm plates Sarstedt 
Cryogenic vial Thermo Fisher Scientific Inc 

 

Table A.3.3 - Equipment 

Equipment Manufacturer 
Invitrogen™ Countess™ Automated Cell Counter Invitrogen - Thermo Fisher Scientific Inc 

Zetasizer Nano series ZS Malvern Instruments Ltd., UK 
Branson Sonifier S-450D Branson Ultrasonics Corp., Danbury, CT, USA 
NanoDrop Thermo Scientific, cat.no ND-2000 
Bioanalizer Agilent Technologies, Inc 
Invitrogen™ Qubit™ 4 Invitrogen - Thermo Fisher Scientific Inc 
CytoFlex Beckman Coulter, Inc  

 

Table A.3.4 - Reagents 

Reagents Manufacturer Cat. No. Used for 
DMSO MP Biomedical 196055 Freezing media 

FBS Gibco™ 26140079 Freezing media 
PBS GE Healthcare Hyclone SH30256.FS Cell culture 
Trypsin Merck Millipore L2153 Cell culture 
LHC-9  Gibco™ 11508866 Cell culture 
RPMI-1640  Thermo Scientific HYCLSH30255.01 Cell culture 
PS Biowest BWSTL0018 Cell culture 
BSA (fraction V) Sigma A-9418 Dispersion media 
Collagen Nutacon 5005-B Coating plates 
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