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1 INTRODUCTION 

  
1.1 Particle-inflicted health risks 

  
Experience attained through the vast array of investigations related to the 

impact of exposure to ambient air particulates on the human respiratory system had 

demonstrated injuries and reactions such as asthma, alveolitis, pneumoconiosis, 

fibrosis, emphysema and cancer. The earliest reported case for ambient air pollution-

related deaths comes from December 1930 when during a 5-day fog episode 63 

people died in the Meuse valley, Belgium (Nemery et al., 2001). A modest rise in 

ambient air particle mass concentration, measured as the mass of particles ≤10 µm 

mass median aerodynamic diameters (PM10), has demonstrated exacerbation of 

respiratory diseases (Chestnut et al., 1991; Pope III, 1991) and excess of human 

mortality (Schwartz and Marcus, 1990). Furthermore, the PM10 along with PM2.5 

(particulate size–2.5 µm) have been observed to elevate incidences of cardiovascular 

diseases and related mortalities (Boldo et al., 2006; Pope III et al., 2002). Most 

recent evidence of adverse health effects of over-exposure to ambient air particulate 

matters comes from the survivors of the catastrophic terrorist attack and demolition of 

the World trade centre towers (WTC) leading to a release of high volume of PM2.5-

sized particulate matter in the ambient air (Gavett, 2003). WTC health registry had 

reported that out of 5,226 people caught directly in the dust and debris from the 

collapsed WTC towers more than half (56.6%) of the survivors were experiencing 

new or worsening respiratory symptoms and burning sensation in their hearts after 

the attacks (Brackbill et al., 2006). Several studies had reported an increase in the 

toxicity of the particles with decrease in their size (Monteiller et al., 2007; Oberdörster 

et al., 1994). 

Scientific and industrial attainments within the last few years had led to 

discoveries which were far beyond the imagination of mankind half a century ago. 

Globally, scientists are still discovering the unique properties of daily used materials 

at sub-micrometer range (a billionth meter) domain. These materials known as 

‘nanoparticles’ have found their utility in everyday life of people as components of 

cosmetics such as toothpastes and sunscreens, sanitary-ware coatings, in medical 

applications such as biomaterials, sustained cancer drug delivery vehicle, magnetic 

resonance imaging, etc. (Nel et al., 2006). 
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However, these interesting developments in the field of nanotechnology had 

also increased the concerns about the impact of these nanosize particulate matters 

on human health following occupational and non-occupational exposures. These 

unique nanoparticles are abundant in the ambient air. But their contribution to the 

particulate mass is almost negligible (Vinzents et al., 2005). Mechanistically, 

nanoparticles are important because of the adverse health effects they might cause 

by their large surface area, chemical composition, capability to induce inflammation 

and to translocate into the circulation passing through the nasal nerves into the brain 

(Oberdörster et al., 2004; Kreuter et al., 2002). Inside the lungs they have the 

capacity to deposit as higher fraction within the alveolar region (Donaldson et al., 

2001; Donaldson and Tran, 2002; Nemmar et al., 2002; Nemmar et al., 2004). These 

nanoparticles can also penetrate through the dermis when there is flexing (Tinkle et 

al., 2003) or breaking of the epithelial layer of the skin, through the hair follicles and 

stratum corneum (Warheit et al., 2007) and through the gastrointestinal tract 

(Bockmann et al., 2000; Kreyling et al., 2002; Semmler et al., 2004) (Fig. 1). 

 

 
 

Figure 1: Biokinetics of nanoparticles. While many uptake and translocation routes have 
been demonstrated, others still are hypothetical and need to be investigated. Largely unknown 
are translocation rates as well as accumulation and retention in critical target sites and their 
underlying mechanisms. Figure obtained from Oberdörster et al. (2005a). 
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Nanoparticles had also been observed to cause cardiovascular diseases such 

as thrombosis (Calderon-Garciduenas et al., 2004; Nemmar et al., 2003) and altered 

heart rates (Campen et al., 2003). Nanoparticles also have the ability to induce  

prothrombic changes on the endothelial surface of the hepatic microvessels 

(Khandoga et al., 2004), aggregation of blood platelets (Nemmar et al., 2004) and 

reaching the liver after their penetration into the circulatory system through 

gastrointestinal tract (Bockmann et al., 2000). 

 
1.2 Ambient air particulate matter characteristics 

 
Particulate matters (PM) with respect to size can range from a few 

nanometers to several micrometers and are generally described under total 

suspended particles (TSP) coarse, fine and nanoparticles. The coarse fractions 

(PM10) are relatively large particles with diameters around 2.5–10 µm, mainly derived 

from soils, crusted materials and through mechanical wear processes, such as 

drilling, crushing and grinding. The fine fraction (PM2.5) is composed of particles with 

an aerodynamic diameter of approximately 0.1–2.5 µm and includes carbonaceous 

materials and secondary aerosols. They are mostly derived directly or indirectly from 

combustion of fossil fuels and automobile engines (Chang et al., 2007; Lee et al., 

2007). Nanoparticles (PM0.1) have a diameter less than 0.1 µm can be produced 

artificially from industrial processes (Evans et al., 2007), natural sources and 

automobile exhausts. These nanoparticles are mainly composed of carbon and salts, 

mainly ammonium sulphate and ammonium nitrate (Lee et al., 2007).  

Most particles obtained from the ambient atmosphere lie in the range from 

0.05 to 0.2 µm. However, the relative occurrence of all the three particle fractions at 

different locations and under diverse air pollution circumstances is largely unknown. 

Presently, no personal sampler can measure particles with a diameter of less than 

0.1 µm (Borm et al., 2006).  

Three major properties of the particles that affect their toxicity are– 

 

a) particle size 

b) particle surface charge 

c) particle surface composition 
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Figure 2: Decreasing level of electrical 
potential around the particle with 
increasing distance 

Particle size - It has been suggested that particle size and number are more 

important than the mass in producing biological effects. This has been related to the 

availability of large surface area of the smaller particles. It is estimated that a mass of 

a single 1 µm size particle is equivalent to the mass of 1000 0.1 µm size particles. 

While, the surface of the same mass of 0.1 µm particles is 10 times that of a single 1 

µm size particle (Salvi et al., 1999).  

It had been hypothesized that the small size and high surface area of the 

nanoparticles have been hypothesized to assist in their direct binding to the proteins. 

The consequences following the binding of proteins on the nanoparticle surface can 

be quite different from the events when the same protein binds to larger particles. 

Nanoparticles bound to proteins may become more portable and through protein 

metabolism might gain access to sites which larger particles would not be able to 

reach (Colvin and Kulinowski, 2007; Donaldson et al., 2004). Furthermore, enhanced 

protein degradation on the large surface area of the nanoparticles can also lead to 

their functional alterations which would be highly improbable on the relatively smaller 

surface area of the larger particles (Borm and Kreyling, 2004; Kreyling et al., 2004). 

 

Particle surface charge (Zeta potential) – The physical and chemical property of a 

material is determined by the type of motion 

its electrons are allowed to execute. This 

motion is determined by the space in which 

the electrons are confined to due to the forces 

they encounter. Once the electrons are bound 

in an atom or in a molecule, its motion 

becomes highly confined and quantisation 

sets in. In semiconductors, excitation involves 

the separation of electrons and holes (charge 

carriers) by distances that encompass a 

number of molecules or ions making up the 

lattice. Such a distance is known as Bohr 

radius, is on a nanometer scale. The minimum 

energy required to separate the charge carriers is known as the band gap energy. 

Based on the above presumption when the size of the particle decreases, it reduces 
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the space in between the charge carriers of the particles to move and thus additional 

quantum confinement is imposed on their motion. This leads to an increase in the 

band gap energy, the electrons kinetic energy and the density of the charge carriers 

within and at the nanoparticle surface (El-Sayed, 2001). Zeta potential is the 

electrical potential that exists at the "shear plane" of a particle, at some small 

distance from its surface (Fig. 2). Zeta potential units are mV. The value of 25 mV 

can be taken as the boundary that separates low-charged surfaces from highly-

charged surfaces. 

 Therefore, as the particles grows smaller, their proportion of atoms on the 

surface increases relative to the proportion inside its volume (Borm et al., 2006), thus 

altering the charge on their surface. Higher surface energy make these nanoparticles 

interact strongly and stick together. It is for this reason that the nanoparticles are 

never found naked or as individual entities. If nanomaterial building blocks have 

some parts of their surface sticky and other parts passive and non-sticky, then the 

random Brownian motion in the fluid can cause the blocks to stick together in defined 

ways to make larger structures (Borm et al., 2006). 

 Schins et al. (2002a) found that coating pure quartz (DQ12) particles with 

aluminium lactate or polyvinylpyridine-N-oxide and altering the surface charge 

effectively reduced their uptake by the lung epithelial cells and the capacity to 

produce hydroxyl radicals as compared to the uncoated particles. 

 

Particle surface composition - The surface composition of all the particles plays a 

very important role in enhancing their toxic potential. Particles can react with free 

radicals and/or antioxidants using the transition elements present on their surface as 

impurities and by chelating them in the surrounding region. The presence of ferrous / 

Fe(II) and cuprous / Cu(II) on the surface of a particle is a very crucial factor due to 

their involvement in the Fenton reaction (Barchowsky and O'Hara, 2003; Donaldson 

et al., 2003; Fubini and Hubbard, 2003). Other transition metals such as zinc can 

trigger effects more directly by interacting with cellular proteins (Haase and Maret, 

2005; Tal et al., 2006). In particles such as quartz, surface reactivity plays a very 

important role in the production of reactive oxygen species (primary ROS) along with 

the overburden they create inside the lungs (Fubini et al., 1990; Duffin et al., 2001).  



INTRODUCTION 
 
 

15 

The role of the surface composition in the generation of reactive oxygen 

species (ROS) and causing oxidative stress are the most accepted mechanistic 

paradigm as a reason for the toxicity of these nanoparticles (Donaldson et al., 2004; 

Oberdörster et al., 2005b). Electron acceptor and donor active sites on the 

nanoparticles can cause its interaction with molecular dioxygen (O2) by redox–cycling 

(Nel et al., 2006). Electron capture can lead to formation of superoxide radicals (O2
•-), 

which through dismutation or Fenton chemistry can generate additional ROS 

(Bhattacharya et al., 2007 – Appendix 11).  

 

1.3 Particle-induced health effects based on size d istribution  

Both the fine and nanoparticles have been found to be associated with the 

development of adverse health effects (Lipfert and Wyzga, 1997; Schwartz, 1999).  

 
Fine airborne particles 

Previous studies performed in humans using 

radioactivity labelled particles had demonstrated that 

PM2.5 exposure leads to 83% total lung deposition 

as compared to particles of size >2.5 µm which 

undergo 31 - 49% deposition. This suggested an 

inverse relationship between particle size and total 

lung deposition (Salvi and Holgate, 1999). Based on epidemiological studies it had 

been estimated that the mortality rate increases by 0.9% and death from a specific 

respiratory disease by 2.7% per increase of 10 µg/m3 concentration of environmental 

particles (PM2.5) (Pope III et al., 2004).  

According to the Deutsche Forschungsgemeinschaft the acceptable 

concentration of inhalable dust fraction (previously total dust) in a work place should 

not exceed 4 mg/m³. Similarly, maximum respirable fraction (previously fine particles) 

in a work place must not exceed the concentration of 1.5 mg/m³ (DGF, 2007).  

All types of PM2.5 particles tend to injure the lung tissue by causing 

overburden, subsequently resulting in an impaired alveolar clearance and influx of 

inflammatory cells (ILSI, 2000; Oberdörster, 2002). Persisting inflammatory reaction 

can cause a high level of oxidative stress within the surrounding lung tissue, 

stimulating the production of reactive oxygen species (ROS) also known as 

‘Secondary ROS’ (Bhattacharya et al., 2007 – Appendix 11). Damages due to the 
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presence of high amount of ROS can lead to the formation of tumours and cancers 

(Schwarze et al., 2006). Individuals with pre-existing diseases, such as chronic 

obstructive pulmonary disease, asthma and already exhibiting trends of oxidative 

stress, tend to accumulate more particles in the airways as compared to normal 

lungs (Luo et al., 2007). This makes them more susceptible to the particle induced 

inflammatory reactions even at concentrations below overload levels (Bonner, 2007).  

Besides creating lung burden particles also tend to act as carriers for toxic 

substances such as polycyclic aromatic hydrocarbons (PAH) and catalyse their 

reactions with the biomolecules inside the cellular systems. Hematite fine particles 

coated with PAH had shown an enhancement in the production of ROS and 

genotoxicity as compared to the native particle and PAH, individually (Garry et al., 

2003; Gosset et al., 2003).  

As previously described presence of transition elements also play a very 

important role in enhancing the toxicity of particles. Epidemiological studies carried 

out in the Utah valley area of US, demonstrated a variation in the mortality and 

morbidity rate of people, which was closely correlated with the transient closure of a 

steel plant and the associated changes in the air pollution (Ghio et al., 2004). 

Analysis of the ambient air samples collected during the activity of the steel plant 

from the Utah valley indicated a high metal content (iron, copper, lead, nickel and 

zinc among others) compared to the samples collected during to the closed time 

period of the steel plant (Ghio, 2004; Dye et al., 2001 ).  

In vitro studies performed with lung cells and extracts of the samples collected 

during different times of the steel plant activity produced significant effects with a high 

capacity to produce oxygen radical formation and cytokine expression (Frampton et 

al., 1999). Treatment of the samples with iron chelator demonstrated decrease in the 

induction of inflammatory cytokines as compared to the untreated samples (Soukup 

et al., 2000) suggesting a role of the iron content in the particles.  

A similar study performed in the Eastern part of Germany demonstrated a high 

prevalence of respiratory disorders and allergic sensitization in children living near 

industrial sites compared to children without such exposure (Heinrich et al., 1999). 

Decline in the pollution level led to a reduction in the respiratory symptoms of the 

children (Heinrich et al., 2005). Later analysis revealed a higher level of metal and 
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particle content in the air near the industrial sites compared to the more rural area 

(Schaumann et al., 2004).  

 

Nanoparticles 

Not much is known about the exact 

mechanism utilized by the nanoparticles for causing 

toxicity. Speculations point towards a cumulative 

effect from the particle size, surface charge and 

presence of transition elements. There has been 

much focus on the role of nanoparticles in driving 

the toxicity of particulate air pollution (Seaton et al., 1995). There is also no threshold 

limit set for ambient air concentration by the DFG commission. 

Ferin et al. (1992) had stated that nanoparticles are more potent than PM10 at 

driving inflammation and causing respiratory and cardiovascular health effects. In 

vivo and in vitro studies had also confirmed that nanoparticles such as carbon black, 

polystyrene beads nanoparticles are more toxic and inflammable than fine particles 

(Li and Karin, 1999; Brown et al., 2000; Stoeger et al., 2006). Epidemiological studies 

conducted by Pope III et al. (2004) had also demonstrated an increase in respiratory 

problems which were directly proportional to the increase in the number of ambient 

nanoparticles. Studies had suggested that nanoparticles are not inherently benign 

and they affect biological behaviour at the cellular, subcellular and protein levels 

(Colvin, 2003; Service, 2004; Nel et al., 2006).  

Rejman et al. (2004) had reviewed a number of different endocytic pathways 

for internalization of the nanoparticles, including phagocytosis, macropinocytosis, 

clathrin-mediated endocytosis and caveolae-mediated endocytosis. He observed that 

in the non-phagocytic cells (in vitro), internalisation of the particles through clathrin-

coated pits prevailed for latex microspheres having a size of <200 nm, whereas with 

increase in size up to 500 nm, caveolae became predominant. The surface charge 

on the nanoparticle helps it to interact with native proteins and their direct uptake and 

translocation within the cell through a variety of active protein channels.  

Another important aspect in the toxic potential of the nanoparticles is their 

capability to undergo photocatalytic degradation. Nanoparticles convert to a more 

toxic substance when they are not stable to photocatalysis and degrade to release 
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their toxic surface coating or expose their metallic core. Goniat et al. (2007) had 

studied Escheria coli bacteria, and observed damage to their desoxyribonucleic acid 

(DNA) from reactive oxygen species that were being produced from the 

photocatalytic reaction of titanium dioxide (TiO2) nanoparticles. He had proposed a 

Fenton reaction for the production of the free radicals from the TiO2 nanoparticles.  

Involvement of metals in the generation of oxidative stress, as in the case of 

diesel soot nanoparticles, has been well established (Ball et al., 2000). Transition 

elements have been reportedly involved in the redox cycling of quinones, a major 

organic species involved in the oxidative stress caused by ambient particles 

(Dellinger et al., 2001; Squadrito et al., 2001). Production of free radicals due to the 

high surface reactivity of these nanoparticles has been evident from the electron 

paramagnetic resonance (EPR) spectras obtained by spin-trap techniques 

(Vallyathan et al., 1992; Schins et al., 2002b; Knaapen et al., 2002b). People 

exposed to nanoparticles occupationally, or, in parts with the ambient air PM10, had 

been observed with increased inflammatory reactions (Wilson et al., 2002). Chalupa 

et al. (2004) found that ambient air particles of nanosize range contribute more to the 

health effects in people exposed to them and its efficiency of causing inflammation 

increasing several folds in individuals having asthma (Duffin et al., 2002).  

Transition elements and nanoparticle surface have been observed to act 

synergistically in producing inflammation (Wilson et al., 2002) and finally result in the 

pathway of oxidative stress-mediated cytokine gene transcription (Stone et al., 2007). 

Intracellularly, different nanoparticles including ambient nanoparticles can also target 

mitochondria directly (Oberdörster et al., 2005; Xiao et al., 2003).  

 

1.4 Mechanism of reactive oxygen species (ROS)-indu ced damage inside the 

lung tissue 

 The chemical definition of the ROS is ‘an atom or groups of atoms with one or 

more unpaired electrons’. ROS include superoxide (O2
•-), hydroxyl radicals (•OH), 

peroxyl radicals (RO2
•) and alkoxyl radicals (RO•). Additionally, the term is also used 

to describe certain non-radicals that are either oxidizing species or that can easily 

convert other radicals like ozone (O3), hypochlorous acid (HOCL), peroxynitrite 

(ONOO•), singlet oxygen (1O2), and hydrogen peroxide (H2O2).  
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ROS can be derived from numerous sources in vivo. These include auto-

oxidation, photochemical and enzymatic reactions of both endogenous compounds 

and various xenobiotics. The number of enzymes shown to be capable of generating 

ROS is large and includes cytochromes P450, various oxidases, peroxidases, 

lipoxygenases and dehydrogenases. The involvement of xenobiotics can be 

particularly important in the determination of the extent of ROS generated by these 

enzymes. Major source for the generation of hydroxyl radical (·OH) or the less 

reactive superoxide radical (O2·
-) is from the mitochondrial oxidative metabolism and 

body’s immune system cells responding to neutralize foreign substances. 

Environmental factors such as pollution, radiation, cigarette smoke and herbicides 

can also generate free radicals, acellularly. Therefore, biological systems are 

continuously interacting with free radicals arising either from metabolism or from 

environmental sources (Fig. 3).   

 

 

Particulate matters can generate ROS by a) directly causing inflammatory 

reactions within the cells, b) through the chelation of the transition metals, such as 

Figure 3: Particle induced interaction of reactive oxygen species with target molecules 
leading to cancer development. 
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iron and copper from their surface, and c) interaction between the oxygen donors and 

acceptors present on the surface of the particles with molecular dioxygens (Nel et al., 

2006). These free radicals under excessive quantity can lead to oxidative stress and 

induction of apoptosis, mutations and cancer (Fig. 4). 

Transition elements present on a particle surface can cause the conversion of 

the hydrogen peroxide (H2O2) to highly reactive hydroxyl radicals (OH•) inside a 

cellular system (Chance et al., 1979). Fe(II) transition metals participate directly in 

the Fenton reaction, generating highly reactive hydroxyl radicals (Reaction 1). O2
•- 

can act as an oxidant and facilitate OH• production from H2O2 by releasing Fe(II) 

available from iron-sulphur cluster [4Fe.4S] containing enzymes for the Fenton 

reaction (Leonard et al., 2004; Liochev et al., 2002 ; Pekarkova et al., 2001). O2
•- has 

also been found to participate in the Haber-Weiss reaction (Reaction 2) and in the 

reduction of Fe(III), yielding Fe(II) and oxygen (Reaction 3) (Pekarkova et al., 2001).  

 

Fe(II) +H2O2→Fe(III) + OH•+ OH-  (Reaction 1) 

O2
•- + H2O2 → O2 + OH• + OH-  (Reaction 2) 

Fe(III) + O2
•- →Fe(II) +O2    (Reaction 3) 

 

Half-lives of all the ROS species can range from few minutes (H2O2), seconds 

(RO2
•) to about a nanosecond (•OH). •OH radical is the most reactive ROS and can 

react with any biological molecule present in its vicinity.  

Within every cell several neutralizing factors are present. These are broadly 

referred to as ‘antioxidants’. Antioxidants can prevent generation of free radicals by 

a) by chelating free metal ions, b) scavenging free radicals, c) by acting as a free 

radical chain reaction breakers. They can form a part of the redox antioxidant 

network and regulate gene expressions. Under normal physiological conditions the 

ratio between the cellular pro-oxidants and antioxidants is balanced.  

Antioxidants had been broadly divided into 2 categories - a) antioxidants 

acting enzymatically and b) antioxidants acting non-enzymatically. Enzymatically 

acting antioxidants include catalase, peroxidases, methionine sulphoxide reductase, 

and superoxide dismutase (SOD). The non-enzymatic antioxidants include mainly 

small molecules, such as ascorbic acid, glutathione and uric acid. The term ‘oxidative 
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stress’ was first coined by Sies (1986) referring to the imbalance that arises after 

exposure to oxidants changing the normal redox status of major tissue antioxidants.  

 Nel et al. (2006) had defined three levels of oxidative stress that affects the 

cell signalling, genetic outcome and the concluding result in different ways (Fig. 4). 

Triggering of the free radicals as a response to induction of stress in the cell can lead 

to lipid peroxidation, altered intracellular calcium level triggering signalling agents 

(stress related proteins) and gene expression (Fig. 1 – Bhattacharya et al., 2007 – 

Appendix 11). 

  

 

 

ROS can react with different biomolecules producing various by-products 

(lipids - isoprostanes, age pigment, or lipofuscin; proteins - carbonyl and nitrotyrosine 

derivatives; DNA causing its fragmentation and base oxidations such as 8-hydroxyl–

2-deoxyguanosine [8-OHdG]). 8-OHdG are probably the most abundant base 

oxidation product in DNA having altered base-pairing properties, with adenine 

replacing cytosine in the daughter strands formed after replication of the affected 

DNA strand (Collins, 1999). Mineral dusts such as crystalline silica and TiO2 can lead 

to ROS generation related to their physical dimensions and the surface-based radical 

generating properties of the particles (Geh et al., 2006b). Modification of the particle 

surface clearly influence the ROS generation. Prahalad et al. (2001) had 

demonstrated that on exposing different particles to 2’-deoxyguanosine (dG), calf 

thymus DNA and human airway epithelial cells resulted in oxidative DNA damage 

Figure 4: Hierarchical 
oxidative stress model.  
 [Obtained from Nel et al. 
(2006)]. N/A means not 
applicable. 
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that was mediated by hydroxyl radical generation and was catalysed by water soluble 

transition metals. Transition metals such as Fe(III) in the absence of O2 can also 

react directly with DNA producing oxidative DNA adducts (Reaction 4).  

 

DNA• + Fe(III) → DNAOX
 + Fe(II) + H+  (Reaction 4) 

 

All redox–based antioxidants appear to interact with each other through the 

‘antioxidant network’ comprised of non-enzymatic and enzymatic reactions. In this 

way antioxidants are recycled or regenerated by biological reductants. For example, 

bioflavonoids and polyphenols interact with the vitamin C radicals lengthening its 

lifetime (Fig. 5). 

 

 

  

Oxidative stress can weaken the strength of the entire endogenous antioxidant 

system. Redox active antioxidants from food or food supplements bolster this 

depleting antioxidant defences and help in preventing oxidative damage. Antioxidants 

can affect the gene expression in two general ways, either by changing the redox 

status of the cell, or directly by specific interactions with molecular targets in a 

manner partially independent of their antioxidant / radical–scavenging ability. 

Figure 5: Antioxidant networking 
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Figure 6: DNA damage 
related consequences 
 
Image source:  
http://en.wikipedia.org/wi
ki/Image:Dnarepair1.jpg 

Cell signalling pathways are very sensitive to oxidants and cellular redox 

status changes. Hence, free radicals and antioxidants must regulate gene 

expression. Activation of the plasma membrane nicotinamide adenine dinucleotide 

phosphate-oxidase (NADPH oxidase), auto-oxidation of polyphenols or bioflavonoids 

and mitochondrial metabolism can lead to the generation of hydrogen peroxide 

(H2O2), sometimes referred to as a second messenger (Fig. 5). The presence of 

H2O2 in the cytosol changes the glutathione / glutathione disulfide ratio (important for 

cell signalling systems) and provides an oxidizing environment, which is needed for 

the binding of activated transcription factors such as nuclear factor kappa B (NfкB) 

and inhibits protein phosphatases, causing hyperphosphorylation of enzymes and 

proteins of cell regulatory processes.  Any or all these events can modulate gene 

expression thus making the antioxidants critical components of cell growth, 

development, differentiation and function. 

 

1.5 Intrinsic DNA damage repair mechanisms  

Cells cannot function properly if DNA damage corrupts the integrity and of the 

genome do that the accessibility of essential information is no longer available. If the 

rate of DNA damage is greater than the repairing capacity, the cell can go through 

senescence (dormancy with no mitotic division), apoptosis (programmed cell death), 

or mutations leading to tumours and cancers (Fig. 6).  
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A cell can identify the damaged DNA by its altered spacial configuration. Soon 

after the damage occurs, cell cycle check points are activated and they temporarily 

halt the cell cycle, giving time to the DNA damage repair mechanism to mend the 

damaged region. DNA damage check points occur at G1/S and G2/M boundaries 

(Camman et al., 1994). An intra-S checkpoint also exists. Checkpoints activation is 

controlled by 2 master kinases ATM and ATR. ATM responds to DNA double-

stranded breaks and disrupts chromatin structure (Bakkenist et al., 2003), while ATR 

primarily responds to stalled replication forks. These kinases phosphorylated 

downstream targets in a signal transduction cascade, eventually leading to cell cycle 

arrest. TP53 is an important downstream target of ATM and ATR, as it is required for 

inducing apoptosis following DNA damage. At the G/S checkpoint TP53 functions by 

deactivating the CDK2/cyclin E complex. Similarly, at the G2/M checkpoint, TP21 

mediates the deactivation of CDK1/ cyclin B complex.  

Depending upon the type of damage inflicted on the DNA’s double helical 

structure, a variety of repair mechanisms can get activated to restore the lost 

information. Under normal conditions if the damage occurs on a single strand the 

DNA utilizes the complementary / daughter strand to recover the original sequence. 

However, if the damage occurs on both the strands simultaneously, the cell uses an 

error prone recovery mechanism known as translesion synthesis.  

 

Single-stranded repair mechanism – A defect in which the other strand is used as a 

template guide for correction of the damaged strand. For this purpose there is a base 

excision repair mechanism that removes the damaged nucleotide and replaces it with 

a new one complementary to the undamaged second nucleotide. It is of mainly two 

types –  

a) Base excision repair – This repair mechanism is one of the major repair 

pathways and specially active in repair of the nucleotide damages as a 

result of oxidative insult, alkylation, hydrolysis, or deamination (Risom et al., 

2005). The base is removed with glycosylase and ultimately replaced by 

repair synthesis with DNA ligase. NTHL1 and OGG1 are some of the 

important enzymes involved in the removal of the oxidized DNA bases (8-

OHdG) (Klungland et al., 1999). 
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b) Mismatch repair – It is responsible for the correction of errors that occur 

during replication, formation of heteroduplexes and secondary structures 

such as imperfect palindromes (Bishop et al., 1985). Mismatches can also 

be the result of deamination of 5-methylcytosine to uracil, which escapes 

detection and removal by uracil N-glycosylase, resulting in G-T mismatch. 

Neither direct repair nor excision repair deals with mismatched bases. 

These processes have no mechanism to distinguish between the correct 

parental strand and the strand containing the misinformation. The mismatch 

repair system is a mechanism consisting of enzymes that are responsible 

for the excision of the defective patch, followed by repair synthesis and 

ligation (Yu et al., 1999).  

 

Double-stranded repair mechanism – Defects occurring on both the strands 

simultaneously as a result of oxidative stress are repaired by this mechanism 

(Demple and Harrison, 1994). Two types of repair mechanisms exist under this 

category – 

a) Non – homologous end joining (NHEJ) – In this a specialized DNA ligase 

forms a complex with the co-factor XRCC4 and directly joins the two ends 

(Wilson et al., 1997). To guide an accurate repair, NHEJ relies on short 

homologous sequences called microhomologies present on the single-

stranded tails of the DNA ends to be joined. If those overhangs are 

compatible, repair is usually accurate (Moore and Haber, 1996; Boulton and 

Jackson, 1996; Wilson and Lieber, 1999; Budman and Chu, 2005). NHEJ can 

also induce mutations during repair. Loss of damaged nucleotides at the break 

site can lead to deletions and joining of mis-matching termini forms 

translocations. NHEJ is specially important before the cell has replicated its 

DNA, since there is no template available for repair by homologous 

recombination. Several NHEJ backup pathways are present in the higher 

eukaryotes (Wang et al., 2003). 

b) Homologous repair – It requires an identical or nearly identical sequence to be 

used as a template for break repair. The enzymatic machinery responsible for 

this repair precess is nearly identical to the mechanism responsible for the 

chromosomal crossover during meiosis. The pathway allows the damaged 
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chromosome to be repaired using a sister chromatid (available in G2 after 

DNA replication) or a homologous chromosome as a template. Double-

stranded breaks caused by a replication mechanism (topoisomerase) 

attempting to synthesize across a single-stranded break or unrepaired lesion 

cause collapse of the replication fork and are typically repaired by 

recombination   

 

1.6 Particles of interest 

1.6.1 Hematite (fine and nanoparticles)  

Deposits of hematite exist in Brazil, Sweden, Germany, Norway, England, 

Spain, New Zealand and in the Midwest and West of the USA. The sedimentary 

deposits in the Lake Superior region of the US are the world's largest, producing 0.7 

million tones annually. 

Hematite is a mineral appearing as metallic gray, red gray or red brown with a 

metallic lustre; it may even look more like a metal than a mineral when encountered 

in nature. The name hematite originates from the Greek word for blood, Haema, 

which refers to the dark red colour of the mineral’s streak.  

Hematite crystals are members of the trigonal system group, which is a subset 

of the hexagonal system (Fig. 7). The chemical formula of hematite is ferric oxide 

(Fe2O3).  

 

 

Areas of occupational exposure 

Occupational exposure to hematite particles occur while working in iron 

mining, crushing, rolling industries and foundries in which metal strips are subjected 

to agitation with the consequent production of rust and iron scale dust. A survey in 

the Sheffield steel foundry between 1955 and 1960 revealed that the average 

prevalence of siderosis among welders and burners in the fettling and grinding shops 

was 17.6 percent (Gregory, 1970). People working in boiler scaling industries were 

Figure 7: Crystalline structure of 
hematite 
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involved in the cleaning of fireboxes, flues and water-tubes in enclosed spaces of the 

boiler of ships, factories and power stations. Indirectly, workers using hematite 

particles for polishing of silver and steel are also exposed to this specific dust 

particle. 

 

Toxicological analysis 

Siderosis may occur alone in workers who pulverize and mix natural mineral 

pigments of hematite as well as those engaged in their uses (Das et al., 1983). A 

threshold limit value of 1.5 mg/m3 has been established for ferric oxide fine particles 

by DFG (2007).   

The macroscopic appearance of the pulmonary pleura is marbled in a deep 

brick red colour after hematite exposure. This is due to their deposition of the iron ore 

in the pleural lymphatics similar to the black pigmentation seen in the pleura of coal 

miners. The cut surface of the lungs reveals grey to rust-brown coloured macules 

(macula, a stain or mark) from 1 to 4 mm in diameter which are impalpable and do 

not stand up from the surface in contrast to silicotic nodules.  

In their microscopic appearances the fundamental lesions consist of a 

perivascular and peribronchiolar aggregation of dark pigmented iron oxide particles, 

which are present in macrophages and extracellularly in alveolar spaces and walls 

where they are mostly perivascular. Slight reticulin proliferation may be present but 

there is no collagenous fibrosis; and intra- and extra-cellular collections are also seen 

sub-pleurally and infiltrating interlobular septa. 

Experiments performed with hematite particles had demonstrated that they 

were unable to induce tumours in rats (Pott et al., 1974). Similarly, in freshly isolated 

rat microsomes from short- and long-term exposures hematite fine-sized particles 

failed to induce any lipid peroxidation (Fontecave et al., 1990). Studies done with 

coated fine-sized hematite particles verified that these particles only act as 

enhancers of oxidative stress for other substances such as polycyclic aromatic 

hydrocarbons within the cells (Garry et al., 2003; Garry et al., 2004). 

Hematite nanoparticles are mainly used as the magnetic layer of storage 

devices in computers, as well as pigments for paints, etc. Recently, Fe(III) 

nanoparticles are used in nanomedicines for drug targeting cancer cells (Kumar et 

al., 2007) and for labelling and tracking target cells using imaging techniques like 



INTRODUCTION 
 
 

28 

magnetic resonance (Lewin et al., 2000). Hence, people were exposed to higher 

amounts of nanoparticles with these techniques than under normal conditions.  

 Seaton et al. (2005) had shown that the commuters and workers of the 

London underground train system take a high risk of exposure to particulate matter of 

size <PM 2.5. They found that 64–71% of the dust contained iron oxide. Furthermore, 

they estimated that on an average a driver of the underground system might be 

getting exposed to 210 µg/m3 and the station staff to 190 µg/m3 of this dust everyday. 

In contrast to the fine sized hematite particles, the nanoparticles had been 

demonstrated to induce toxic effects in growing neuronal cells by reducing their 

viability and capacity (Pisanic et al., 2007). 

 

1.6.2 Arsenopyrite ash particles  

The name arsenopyrite, or arsenical pyrites, is derived from the German 

arsenikalisk Kies (King, 2002). Arsenopyrite is the most common mineral containing 

ferric, arsenic and sulphur. It is the main commercial source of sulphur and arsenic.  

It is the principal mineral of the arsenopyrite group, of which there are five 

recognized members. The group has the general formula FeAsS. The members may 

be monoclinic or orthorhombic. The chemistry of naturally occurring arsenopyrite 

varies from FeAs0.9S1.1 to FeAs1.1S0.9. The ratio of Fe: (As + S) is 1: 2. The variation 

is due to environment-related changes of temperature and pressure. The structure of 

arsenopyrite is basically a derivative from the marcasite structural type, in which half 

of the S is replaced by As. It has been shown that arsenopyrite, although appearing 

to have orthorhombic symmetry is composed of twinned monoclinic individuals (Fig. 

8).  

 

 

 

Figure 8: Crystalline structure of 
arsenopyrite 
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Areas of occupational exposure  

Arsenopyrite ash particles used here were sulphur industry residues that had 

been disposed off after the extraction of sulphur dioxide (SO2) from the natural 

mineral particles. For this purpose it is roasted at very high temperature under 

aerobic conditions (Fig. 9). The arsenopyrite ash produced from this process is 

disposed outside on open grounds before getting utilized for other purposes such as 

in road building and house constructions. The workers involved in moving these 

industrial residues were exposed during these processes. 

 
Toxicological analysis 

Not much data are available on the toxicological analysis of these arsenopyrite 

ash particles. Even though, arsenopyrite as a mineral (FeAsS) has been implicated in 

the conversion of arsenic content into As(III) via various biological (Dopson et al., 

2001) and spontaneous chemical reactions. As(III) is released into the ground water 

system and causes its contamination. This is a great problem in several developed 

and developing countries like India, Bangladesh (Joshi et al., 2003), China (Liu et al., 

1996) and Finland (Lahermo et al., 1998). There is no threshold limit value 

established individually for the arsenopyrite ash particles in ambient air by DFG 

commission. 

 

 

Figure 9: Industrial energy flow diagram for the roasting of natural arsenopyrite minerals 
producing SO2 and arsenopyrite ash residue. 
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2FeS2          2FeS + S2 (g) 

    ∆H = + 293 kJ/mol  (Reaction 5) 

S2 (g) + 2SO2   2SO2 

    ∆H = - 723 kJ/mol  (Reaction 6) 

2FeS + 3 O2   2FeO + 2SO2 

∆H = - 948 kJ/mol  (Reaction 7) 

2 FeO + 0.5 O2   Fe2O3  

∆H = - 282 kJ/mol  (Reaction 8) 

 

2FeS2 + 5.5 O2   Fe2O3 + 4 SO2 

∆H = - 282 kJ/mol  (Reaction 9) 

 
 

1.6.3 Titanium dioxide nanoparticles 

 Titanium dioxide (TiO2), also known as titanium(IV) oxide or titania, is the 

naturally occurring oxide of titanium. It has several isoforms of which anatase is the 

most commercially used type. Anatase consists of a tetragonal crystal system with 

the crystalline structure varying from typically acute dipyramidal to highly modified 

obtuse pyramidal or tabular and less commonly to prismatic (Fig. 10).  

 

 

 

 

 

 

 

 

 

Areas of occupational exposure 

No parameter for the average ambient air concentration of TiO2 nanoparticles 

have been set by any concerned agency. For the finer particles American conference 

of governmental industrial hygienists (ACGIH) has assigned TiO2 a threshold limit 

value of 10 mg/m3 (total dust) as a time weighted average for a normal 8 h workday 

and a 40 h workweek (American Conference of Governmental Industrial Hygienists, 

Figure 10: Crystalline structure of 
titanium dioxide 
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1992). DFG commission (2007) had set the ambient air concentration value for TiO2 

fine particles at 1.5 mg/m³.  

Occupational exposure to TiO2 nanoparticles can occur during manufacturing / 

use of these particles as pigments for paints, varnishes, enamels, lacquers and 

paper coatings to impart whiteness, opacity and brightness. Exposures can also 

occur from the use in cosmetics such as in sunscreens, dusting powder, ointments 

and from radioactive decontamination of the skin. 

 
Toxicological analysis  

Titanium dioxide (TiO2) is considered under the category of poorly soluble, 

low-toxicity (PSLT) particles (American Conference of Governmental Industrial 

Hygienists, 1992). The toxicity of the TiO2 nanoparticles had been found to be based 

on the dosage levels and retention time of the particles within the organs. Recent 

studies indicate that TiO2 nanoparticles are also toxic to eco-relevant species (i.e., 

Escherichia coli, Daphnia) (Adams et al., 2006) and mammals (Warheit et al., 2006, 

2007). Turkez et al. (2007) found that TiO2 nanoparticles were able to cause 

genotoxic effects by causing sister chromatid exchange and micronucleus formation 

in human white blood cells.   

Wang et al. (2007) also observed an increase in cytotoxicity, micronucleus 

formation and genetic mutation on exposing human lymphoblastoid cells to high 

doses of TiO2 nanoparticles in an in vitro culture. Rahman et al. (2002) demonstrated 

an induction of micronucleus and apoptotic bodies in Syrian hamster embryo cells 

after an exposure to TiO2 nanoparticles. Taira et al. (2006) observed an increase in 

oxidative stress in the macrophage like RAW264 cells leading to an arrest of their 

cellular proliferation, to a high production of super oxide dismutase and to an 

increased expression of tumour necrosis factor – alpha. While fine TiO2 particles are 

generally considered to be inert, their nanosize counterparts can be highly 

photoreactive in the presence of ultraviolet (UV) light (Serpone et al., 2001). TiO2 

nanoparticles can produce ·OH radicals, H2O2 and O2
·- when exposed to UV light 

(Clechet et al., 1979). Previously, we had studied the effects of exposure to natural 

anatase and surface modified (vanadium pentoxide-coated) TiO2 nanoparticles in 

Chinese hamster lung fibroblast cells (V79) in vitro. We found no cyto- and 

genotoxicity induction in the cells after the particle exposure for both short and long 

term periods in case of the natural anatase TiO2 as compared to the surface-modified 
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TiO2. The oxidative stress being induced by the natural particles was also very low 

(statistically insignificant) as compared to the coated TiO2 particles (Bhattacharya et 

al., 2008 – Appendix 11). 

 
 

1.6.4 Quartz (DQ12) fine particles  

Quartz or silicon dioxide (SiO2) is formed from silica and oxygen under 

conditions of increased heat and pressure.  It is the most common mineral found on 

the surface of the earth occurring crystalline and amorphous forms. A significant 

component of many igneous, metamorphic and sedimentary rocks, this natural form 

of silicon dioxide is found in an impressive range of varieties and colours. There are 

three primary polymorphs: quartz (Fig. 11), tridymite and cristobalite, with quartz 

being the most commonly found form (Peretz et al., 2006). 

  

  
 

Areas of occupational exposure 

Occupational exposure to quartz can occur during the manufacturing of 

coloured flint, fibreglass and ceramics. Other occupational exposures can occur in 

agriculture and horticultural industries during its use in the production of soil 

additives, top dressings, root dressings and composts and in the building industry for 

brick facing, flooring compounds and screeds together with acoustic thermal and fire 

proofing insulation boards. According to National Institute for Occupational Safety 

and Health (NIOSH) an estimated 1.7 million workers in United States are exposed to 

quartz occupationally (NIOSH, 2002). 

 

Figure 11: Crystalline structure of 
pure quartz (DQ12). 
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Toxicological analysis 

The International Agency for Research on Cancer (IARC) and the DFG 

commission had declared crystalline silica as carcinogenic to humans (Group 1) 

(IARC, 1997; DFG, 2007). Still it is one of the most used and profitable mineral in 

industry. Occupational exposure to respirable silica is associated with different 

diseases including reduced lung function, chronic obstructive pulmonary disease and 

the established pneumoconiosis – silicosis, in various forms (Peretz et al., 2006). 

Under normal conditions, however, a person is never exposed to the pure form of 

silica. Inhalation of a silica mixture by rats led to the formation of fibrosis only when 

the silica content was 20% or more in the mixture (Ross et al., 1962).  Similarly, 

Nagelschmidt (1960) observed an increase in the silicotic changes with massive 

fibrosis in the lungs of the workers when the dust concentration exceeded 18%. 

Another study dealing with the occurrence of silicosis and other health effects in 

workers occupationally exposed to silica dust demonstrated a significant 

development of diseases (McDonald et al., 2005). One study had further shown that 

in the case of DQ12 exposure at a constant surface area, particles with an average 

diameter of 5 to 11.2 µm were more fibrotic than those of size 1 µm after ensuring 

corresponding deposition and clearance rate (Wiessner et al., 1989).  

The surface properties of quartz have been found to play a significant role in 

causing its toxicity. Surface properties of quartz are associated with ROS formation 

(Schins et al., 2002b). Studies performed with different surface modifications of the 

quartz particles using grinding, etching or coating had demonstrated a significant 

difference in ROS production using the electron paramagnetic resonance technique 

(Vallyathan et al., 1988; Vallyathan et al., 1991; Fubini et al., 1990, Fubini et al., 

1995). Studies carried out with intratracheal instillation of quartz in rats have 

demonstrated an enhanced formation of 8-OHdG lesions in the lungs providing 

evidence for the direct involvement of ROS in causing DNA damage (Yamano et al., 

1995; Nehls et al., 1997; Seiler et al., 2001). 
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Aim of this study  

This study has been designed to analyze and answer several paradigms 

surrounding the potential toxicity of fine and nanoparticles in human lung cells and 

also try to elucidate the underlying mechanism utilized by them. Therefore, this study 

will try to look into and answer the following queries - 

� Effect of the different fine and nanoparticles size distribution on their uptake 

and translocation inside the lung epithelial cells.  

� Toxic effects of the particles having the same/different chemical compositions 

and size distributions, measured by cyto- and genotoxicity assays in lungs 

epithelial and fibroblast cells in vitro.  

� Capability of the particles to generate acellular reactive oxygen species 

following oxidizing and reducing condition treatments, with special emphasis 

on the Fe(III) content and size distribution of the particles. 

� Cellular response to different fine and nanoparticle exposure through the 

generation of intracellular reactive oxygen species in the epithelial cells. 

� Formation of 8-hydroxy-2-deoxyguanosine adducts in the genomic DNA of 

lung cells due to different fine and nanoparticles exposure and the resulting 

oxidative stress.  

� Up-regulation of DNA damage repair genes and related mechanisms as a 

response to the genomic damage induced by particles, through oxidative 

stress. 
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2. MATERIALS AND METHODS 

 
2.1 Particle source  

  

 The hematite fine and nanoparticles were bought from Sigma-Aldrich GmbH. 

Arsenopyrite ash particles were recieved as a gift from PVS Chemicals Germany 

GmbH, Kelheim, and sieved through a steel mesh to the required size at the Institute 

of Energy and Environmental Technology, Duisburg, Germany. DQ12 fine and TiO2 

nanoparticles were obtained from Deutsche Montan Technology GmbH and from 

Degussa GmbH, Germany, respectively. 

 

2.2 Cell culture 

Primary human lung fibroblasts (IMR-90) 

 The human diploid fibroblast strain IMR-90 was developed by Nichols et al. 

(1977) from the lungs of a 16 weeks old female foetus. The cells were obtained from 

the American type culture collections (Catalogue no.– CCL-186™) (Figure 12). 

Th cells were grown in Earl’s Modified Eagle’s Medium (EMEM) supplemented 

with 2 mM glutamine, 1% non-essential amino acids, 10% foetal bovine serum (FBS) 

and 0.5% gentamycin. The cell cycle varied with conditions of the cells from 1 to 3 

days (24 – 72 h). 

 For passaging, of the cells old medium was removed and the cells were washed 

with phosphate buffer saline solution (PBS) free from calcium (Ca2+) and magnesium 

(Mg+). The cells were then exposed to a low concentration of trypsin (0.25%) for 30 

sec followed by incubation for 10 min in 37°C. The cells were then resuspended in 

the complete medium (EMEM) and counted with a haemocytometer. They were then 

plated into new culture flasks. The cultures were maintained in humid condition at 

37ºC temperature and with 5% CO2. 

   

A B 

Figure 12:  

A - Low magnification (x100) 

B - High magnification (x400) 
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SV-40 virus-transformed human bronchial epithelial cells (BEAS-2B)  

 Reddel et al. (1995) created a non-tumorigenic immortalized human bronchial 

epithelial cell line by transforming it with SV40 virus and with an activated c-Ha-ras 

(EJ-ras) oncogene. The cells were obtained from the European collection of cell 

cultures (Catalogue no.– 95102433) (Figure 13). 

The cells were grown in defined keratinocytes serum free medium (D-KSFM) 

supplemented with special epithelial cells growth supplements (1 ml) and 0.5% 

gentamycin. The cell cycle varied with conditions of the cells from 1 to 3 days.  

For passaging, old medium was removed and the cells were washed with 

Hanks buffered saline solution (HBSS). Cells were then exposed to a low 

concentration of trypsin (0.05%) for time period of 20 sec and followed by incubation 

for 10 min in 37°C. The cells were further exposed to a trypsin neutralizing solution 

(TNS) and incubated for another 10 min with TNS at 37°C. The cells were then 

centrifuged for 5 min (1000 rpm) and the supernatant was removed. Cell pellet was 

resuspended in D-KSFM and plated into new culture flasks. The cultures were 

maintained in a humid condition at 37ºC temperature and with 5% CO2. 

  

 

2.3 Particle size analysis 

Scanning mobility particle sizer (SMPS)   

The SMPS classifies aerosol particles based on their size and counts using a 

condensation particle counter. A defined charge distribution of the particles was 

achieved by a bipolar charger (Kr85) prior to the classification in the DMA (Differential 

mobility analyzer). All particles were fractionated on the basis of their electrical 

mobility by scanning the voltage of the inner cylinder of the DMA. Particle size 

distribution was calculated using the particle counts per mobility class and the known 

particle charge distribution. SMPS covered a size range of 14 to 750 nm mobility 

A B 

Figure 13: 

A- Low magnification (x100) 

B-   High magnification (x400) 
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diameters with a resolution up to 64 channels per decade with a long DMA (aerosol 

flow-0.3 l/min, sheath flow-3.0 l/min, scan time-240 sec). 

 
Aerodynamic particle sizer (APS) 

The APS detects and classifies airborne particles in the range from 0.5 to 20 

µm with a resolution of 32 channels per decade. The particle size classification by the 

APS was based upon their time of flight between two laser beams. The aerosol was 

drawn through a nozzle and all particles were accelerated according to their 

aerodynamic mobility, with larger particles being slower than smaller particles. 

Size distributions obtained with the SMPS (based on electrical mobility) were 

converted to aerodynamic particle size distribution using suitable particle densities 

and after removing the particles from the aerosol droplets generated from distilled 

water for the final data analysis.  

 
2.4 Scanning electron microscopy (SEM) and electron  dispersive X-ray 

analysis (EDX) 

  
SEM creates images by focusing a high-energy beam of electrons onto the 

surface of a sample and detecting signals from the interaction of the incident 

electrons with the sample's surface. The types of signals gathered in a SEM can vary 

and include secondary electrons, characteristic X-rays and back-scattered electrons. 

In a SEM these signals come not only from the primary beam impinging upon the 

sample, but also from other interactions within the sample near the surface. SEM is 

capable of producing high-resolution images of a sample surface in its primary use 

mode and secondary electron imaging. Due to the manner in which this image is 

created, SEM images produce a great depth of field yielding characteristic three-

dimensional appearance useful for understanding the surface structure of a sample.  

Characteristic X-rays are emitted when the primary beam, typically in the 

range 10-20 keV causes the ejection of inner shell electrons from the sample and are 

used to tell the elemental composition of the sample. The back-scattered electrons 

emitted from the sample may be used alone to form an image, or in conjunction with 

the X-rays characterized for each atomic number, presents clues to the elemental 

composition of the sample. It is a technique used for identifying the elemental 

composition of the specimen. The EDX analysis system works as an integrated 
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feature of a scanning electron microscope (SEM) and cannot operate on its own 

without the latter (Fig. 14). 

 

 
Figure 14: Complete setup of the SEM integrated with electron dispersive X-ray analysis 
(EDX), B- Sample loading stage 

  

For the EDX analysis and imaging dry particle samples were mounted on the 

stage of the SEM and bombarded with a high-energy electron beam. The resulting X-

rays emitted from the samples and images acquired were analyzed with the help of 

software to detect the individual elements present in the sample, as well as the 

morphology of particles. 

  
2.5 Inductively coupled plasma mass spectrometry (I CP-MS) 

  
ICP-MS instrument consists of concentric tubes located inside a copper coil 

that is connected to a radiofrequency (RF) generator (Fig. 15). The plasma is 

generated at the end of the quartz torch via a tesla spark and maintained by using a 

high frequency electromagnetic field. The RF flowing through the copper coil induces 

oscillating magnetic fields. Electrons and ions flow at rapid acceleration rates while 

passing through the oscillating electromagnetic field. These accelerated electrons 

and ions were further ionized by collision with non-ionized Argon gas (Meyers, 2000). 

For the analysis of the arsenopyrite sample, 5 g of powder were added to 50 

ml of PBS and incubated on a flatbed shaker (1 cm throw) at 300 rpm RT for (i) 1 h 

and (ii) 50 h. Following incubation, extracts were filtered (0.45 µm pore) and divided 

into two 20 ml portions, one of which was adjusted to physiological pH (i.e. pH 7.4) 

with NaOH (Table 1). These extracts were incubated at room temperature for up to 

A B 
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24 h and analyzed by high pressure liquid chromatography (HPLC) / ICP-MS at 0 h, 

1 h, 5 h and 24 h with regard to arsenic speciation and concentration. 

 
Figure 15: Schematic of a typical ICP-MS instrument (modified from original drawing of 
European Virtual Institute for Speciation Analysis) 

  

Table 1: Adjustment of pH of the particle suspension 

Samples 

Volume 

(ml) Initial pH Adjusted pH 

1 h extract pH 7.4 20 6.2 7.4 

50 h extract pH 7.4 20 5.8 7.4 

  
 

The HPLC method of Raab et al. (2005) was used, i.e. Hamilton PRP-X-100 

column, mobile phase 15 mM ammonium carbonate pH 8.0 (= 2 g/l), flow rate 1 

ml/min. The injection loop volume was adjusted to 10 µl. The arsenic concentrations 

in the extracts were determined by inductively coupled plasma-mass spectrometry 

(ICP-MS). The ICP-MS was operated at 1580 W rf-power, with argon flows of 15 

l/min (plasma gas), 0.76 l/min (carrier gas) and 0.41 l/min (auxiliary gas). The outlet 

of the HPLC was connected directly to the Babington nebulizer and routed through a 

double-pass Scott-type spray chamber maintained at 2oC. The signals for 34 S (500 

ms), for 56 Fe (500 ms) and for 75 As (1000 ms) were monitored. Furthermore, the 

signal at m/z 77 (500 ms) was monitored in order to control chloride interference. The 

arsenic standards (0.2 ppm, 0.6 ppm, 1 ppm) of Asi(III) (As2O3) and Asi(V) 
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(Na2AsHO4) were prepared in Seralpure water and diluted to working concentrations 

in mobile phase and a HPLC/ICP-MS chromatograms was recorded (Fig. 16) 

 

 

 

2.6 Determination of total iron content in the part icles 

 
A spectrophotometric technique was used for analyzing the total iron content 

of the particles as described by Pyenson et al. (1945) with minor modifications 

specified by the Deutsche industrienorm (DIN: 38 406).  

Iron standards were prepared using FeCl3 (Appendix 4 [1]). Sulphuric acid 

(H2SO4) was adjusted to a final concentration of 1.84 g/ml at RT. Two millilitres of 

adjusted H2SO4 was mixed with required amounts of different standards to convert all 

of the Fe present to Fe (III). The final volume of these standard solutions was 

adjusted to 100 ml with MilliQ H2O. Fifty ml of each standard solution were taken into 

an Erlenmeyer flask and 5 ml of potassium peroxodisulphate were added. This 

mixture was boiled until approximately 20 ml were left (approx. time – 40 min, 

temperature – 150οC). Five ml of ammonium acetate (buffer) and 2 ml of 

hydroxylammonium chloride were added to the remaining mixture to convert all of the 

Fe(III) to Fe(II), and the final volume was adjusted to 98 ml with MilliQ H2O. Finally, 2 

ml of 1,10-phenanthroline chloride were added, and after 15 min absorbance was 

measured at 510 nm. A standard curve was prepared from a scatter plot having a 

regression coefficient of more than 99%. 

For measuring the total iron content in the particles, 70 mg of each was 

suspended in 20 ml of H2O. Five ml of aqua regia were added to the suspension and 

Figure 16: Signal detection peaks for 
As2O3 and Na2AsHO4 in HPLC/ ICP-
MS analysis 
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heated at 70 – 90°C (not boiling). The solution was  evaporated till only 2 ml of final 

volume were left. Two ml of concentrated H2SO4 were added to this mixture to 

convert all of the Fe present to Fe(III) (Reaction 10). Conversion of the solution to a 

milky white colour was observed. Heating was further continued till the suspension 

turned to creamy white. Twenty ml of H2O were added to this precipitate and stirred 

till a clear solution was obtained. The solution was diluted to a final amount of 0.714 

mg / 100 ml. It was filtered through a 0.45 micron filter and to 50 ml of this solution 40 

ml of ammonium acetate (buffer) were added. Two millilitres of hydroxylammonium 

chloride (Reaction 11), each followed by 2 ml of 1,10-phenanthroline chloride 

(Reaction 12), were added to the solution while stirring. The reaction is shown below. 

After 15 min the absorbance of the final solution was measured at 510 nm. 

 
Fe2O3 + 3 H2SO4 → Fe2(SO4)3 + 3 H2O   (Reaction 10) 

 
2 Fe+3 + 2 NH2OH + 2 OH- → 2 Fe+2 + N2 + 4 H2O (Reaction 11) 

 

        (Reaction 12) 

 
For measuring the absolute amount of Fe(III) present in the samples, 50 mg of 

the particles were suspended in 100 ml of MilliQ H2O and stirred for 1 h under 

anaerobic condition. After 1 h the suspension was filtered through a 0.45-micron 

filter. Twenty millilitres of filtrate were taken and mixed with 5 ml of ammonium 

acetate. While stirring 2 ml of hydroxylammonium chloride were added to the solution 

along with 2 ml of 1,10-phenanthroline chloride. This mixture was still for 15 min, and 

then the absorption spectra were measured at 510 nm.   
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2.7 Transmission electron microscopy (TEM) 
  
 TEM is a microscopy technique whereby a beam of electrons is transmitted 

through an ultrathin specimen, interacting with the specimen as it passes through. An 

image is formed from the electrons transmitted through the specimen, magnified and 

focused by an objective lens. It appears on an imaging screen, a fluorescent screen 

in most TEMs, or it is detected by a sensor such as a CCD camera. 

BEAS-2B cells were plated at 10 millions per 75 cm2 flask and pre-incubated 

for 24 h prior to the exposure. An exposure to particles was applied thereafter at a 

concentration of 10 µg/cm2 for 48 h. After lapse of the time period all the cells were 

washed with PBS and trypsinized. They were then fixed in 4% paraformaldehyde and 

0.1 % in 0.1 M PHEM buffer (pH 6.9) for 45 min at room temperature followed by a 3 

h fixation in 4% paraformaldehyde alone. After 2 washes in 0.1 M PHEM, free 

aldehyde groups were neutralized by 50 mM glycine in 0.1 M PHEM. The cells were 

rinsed with PBS, released from the plastic surface with a Teflon edge in PBS 

containing 1% gelatine and pelleted in Eppendorf tubes. Each pellet was then 

resuspended in warm 10% gelatine and recentrifuged (Appendix 4 [2]).  

After 20 min incubation on ice, gelatine-embedded pellets were released from 

the tubes and sliced into ~1 mm3 square pieces using a razor blade. On a rotator the 

blocks were infiltrated in 2.3 M sucrose in PBS at 4°C overnight and then mounted 

onto copper pins. All samples were shock-frozen and stored in liquid nitrogen. The 

mounted samples were trimmed with an Ultracut UCT and a Cryotrim 45° diamond 

knife at 90°C. Ultra-thin sections of 65 nm thickne ss were cut using a diamond knife 

at 120°C, were picked in 2% methyl cellulose / 2.3 M sucrose (1 part / 1 part) and 

were placed on formvar-coated grids. Remaining gelatine in the samples was 

removed by putting the grids on PBS for 20 min at 37°C. Cryosections were then 

washed four times in distilled water and finally contrasted and sealed in 3% uranyl 

acetate / 2% methyl cellulose (1.5 parts / 8.5 parts). All images were then acquired 

using a transmission electron microscope. 
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2.8 Trypan blue assay  

  
 Trypan blue is a vital dye. The reactivity of Trypan blue is based on the fact 

that the chromophore is negatively charged and does not interact with the cell unless 

the membrane is damaged. Therefore, all cells, which exclude the dye, are viable. 

The cell viability percentage is calculated by the formula 

 

 
 

 

 

 

Approximately, one million cells (80% confluent) were plated and pre-

incubated for 24 h prior to the exposure. Before exposing the cells to the particles the 

old medium was replaced by a fresh one. Then the cells were exposed to the 

different concentrations of the particles for different time periods. One blank 

measurement having cells without exposure was taken for each time period as a 

negative control. 

After elapse of the exposure time the media along with the particles were 

removed. The cells were washed twice with 2 ml of pre-warmed PBS. Then the cells 

were trypsinized (0.05 % trypsin) for 30 – 45 sec depending upon the type of cell 

used (IMR-90 / BEAS-2B cells). After trypsinization, the cells were incubated for 10 – 

15 min in 37°C. They were resuspended in 300 µl of PBS mixed with Trypan blue 

(0.5%) in a 1:1 ratio and kept in an incubator for 4 min at 37ºC and in humid 

condition. Immediately after the lapse of incubation time the cells are counted with a 

haemocytometer, and the cell viability was calculated.  

All the experiments were conducted in duplicates and the statistical 

significance was analyzed with one-way ANOVA, using the Holm–Sidak method and 

pair-wise analysis. A p <0.05 was considered to be statistically significant effect. 

 
2.9 Fluorescence assisted cell sorting (FACS) 

  
Cell death can either be the consequence of a passive, degenerative process 

known as necrosis, or an active process known as apoptosis. Apoptosis is a highly 

regulated pathway that has significant importance in normal developmental 

 
Total number of white cells            x 100 

Total number of white and blue cells counted 
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processes as well as many diseases. It ultimately leads to death, which can take 

from some minutes to many hours. ‘Early stages’ of apoptosis are characterized by 

changes in the mitochondrial membrane potential and cell membrane asymmetry 

with the transportation of phosphatidylserine to the membrane surface (but does not 

increase the cell permeability). ‘Late apoptosis’ stages are characterized by DNA 

fragmentation and loss of cell membrane permeability. In general, apoptotic cells 

shrink (and can break up into smaller apoptotic bodies) and have characteristic 

nuclear changes that are visible under an electron microscope. 

Necrosis, unlike apoptosis, is not a step-wise, controlled phenomenon. It is 

caused by a disruption of the cell by physical or chemical means. ‘Primary necrotic’ 

cells have relatively normal looking nuclei but their cell membranes (and organelle 

membranes) are fragmented. With time, ‘secondary necrosis’ takes place during 

which there is organelle (including nuclear) disruption and swelling of the cells, 

eventually bursting them (and releasing inflammation inducers). 

The FACS analysis technique is based upon the detection of the events of 

apoptosis and necrosis depending upon the changes induced in the plasma 

membrane of the cells. The analysis is done using two different dyes – annexin V 

and propidium iodide. Annexin V is a 35 kDa Ca2+ dependent phospholipids-binding 

protein that has a high affinity for phosphatidylserine. This dye therefore binds to the 

cells going through the apoptotic phase and exposing this protein. However, annexin 

V cannot differentiate between early and late apoptosis, as in both these stages 

phosphatidylserine is on the outer side of the membrane. Therefore, a second dye 

propidium iodide (PI) is used to detect the late apoptosis. PI is an intercalating agent 

and a fluorescent molecule with a molecular mass of 67 kDa. It is generally, 

impermeable through the cell membrane and, therefore, excluded from viable cells. 

In the late apoptotic cell, the membrane looses its impermeability leading a quick 

penetration by the PI inside the cell.  

PI and annexin V also help in the detection of the primary and secondary 

stages of necrosis. During the primary stage of necrosis, even though the cell looses 

its membrane permeability, its symmetry does not change therefore, only PI is able to 

penetrate the cell membrane and stain the nucleus. During the secondary stage of 

necrosis, the cell membrane and organelles completely disintegrate, getting stained 

by both annexin V and PI in this process. Therefore, based on the differential staining 
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of the cells apoptosis and its different stages along with necrosis can be easily 

distinguished. The early apoptotic cells are detected when they are annexin V 

positive and PI negative, primary necrotic cells are annexin V negative and PI 

positive and the late apoptotic / secondary necrotic cells are both annexin V and PI 

positive (Fig. 17).  

For the analysis, IMR-90 cells were plated and pre-incubated for 24 h before 

the exposure. The cells were exposed to hematite nanoparticles along with hematite 

fine, DQ12 fine and arsenopyrite ash particles, respectively at a concentration of 10 

µg/cm2 and for a time period of 24 h. After the lapse of the exposure time the cells 

were washed with PBS, trypsinized and then treated with 2.5 µl PI and 5 µl annexin 

V-FITC for 30 mins at 4ºC in the dark. Later, the cells were fixed with 1% 

paraformaldehyde overnight to remove the background fluorescence level from the 

cells itself.  Finally, the cells were analyzed using FACS Calibur, and the results were 

analyzed by CELL-Quest software. 

 

  

 Statistical analysis was performed by comparing the values obtained from the 

exposed cells with negative control cells. Student’s t-test was performed, and a p of 

<0.05% was considered significant.  

 

Figure 17: Interaction 
of the annexin V- 
FITC and propidium 
iodide with normal, 
apoptotic and necrotic 
cells. 
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2.10 Alkaline comet assay 
  

Alkaline comet assay, also known as the ‘single cell gel electrophoresis’ 

(SCGE), is a sensitive and rapid technique for quantifying and analyzing DNA 

damage in individual cells such as double- and single-strand breaks and alkali-labile 

sites in the living cells (Collins, 2004). The Swedish researchers Östling and 

Johansson developed this technique in 1984 (Ostling et al., 1984). Singh et al. (1988) 

later modified this technique as the alkaline comet assay. The resulting image that is 

obtained resembles a ‘comet’ with a distinct head and tail. The head is composed of 

intact DNA, while the tail consists of damaged (single-stranded or double-stranded 

breaks) or fragments of DNA (Fig. 18).  

For the analysis by the comet assay, individual cells are embedded in a thin 

agarose gel on a microscope slide. All cellular proteins were then removed from the 

cells by lysing. The genomic DNA is allowed to unwind under alkaline/neutral 

conditions. Following the unwinding, the DNA undergoes electrophoresis, allowing 

the broken DNA fragments or damaged DNA to migrate away from the nucleus. After 

staining with a DNA-specific fluorescent dye, the gel is read for the amount of 

fluorescence in head and tail and the length of tail. The extent of DNA liberated from 

the head of the comet is directly proportional to the amount of DNA damage. 

The olive tail moment (OTM) is one of the most exploited parameters 

calculated as a product of two factors: the percentage of DNA in the tail (tail 

percentage DNA) and the distance between the intensity centroids of the head (head 

mean) and the tail (tail mean) along the x-axis of the comet. It is calculated by the 

formula – 

 

 

 

  

OTM = (tail mean – head mean) x tail percentage DNA 
100 

 

Figure 18: Screenshot of a Comet. 
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For the experiment, approx. one million cells were plated and pre-incubated 

24 h before starting the exposure. The old medium was replaced by fresh one, and 

the cells were exposed to different concentrations of the particles for different time 

intervals. After lapse of the exposure time, cells were washed with PBS, trypsinized 

and counted using a haemocytometer. 0.75 % of low melting agarose (LMPA) was 

melted at 75°C for and then pre-cooled to 37°C foll owed by 15,000 cells suspended 

in it. An eight-well chamber is fixed onto a Gelbond™ film and ~45 µl cell suspension 

in LMPA is spread in one well. The LMPA was allowed to solidify for 5 min at 4°C, 

and then the chamber was removed carefully. The Gelbond™ was covered with a 

freshly prepared and pre-cooled lysis buffer and left at 4°C overnight. On the next 

day, the Gelbond™ film was washed with aqua bidest and incubated for 15 min in a 

freshly prepared alkaline electrophoresis solution (RT; pH 12.7) for DNA unwinding 

(Appendix 4 [3]). Electrophoresis was run for 10–15 mins under conditions – 300 mA, 

1.5 V/cm at 4°C. After completion of the electropho resis run time, the Gelbond™ film 

was treated with neutralisation solution (RT) for 30 min. The Gelbond™ film was then 

suspended in absolute CH3COOH for 2 h to dehydrate the LMPA gel. Gels were 

stored over night at 4°C to let them dry completely  and stored in the dark at 4 °C until 

stained with SYBR-Green nucleic acid stain. For staining the gels were covered with 

the dye for 20 min, rinsed with aqua bidest and put on a microscope slide.  

Image analysis was performed using ‘Comet Assay IV’ software and Leica 

microscope attached to a CCD camera. Values of the OTM were automatically 

calculated by the software. All experiments were carried out twice in duplicate, and 

the statistical analysis was done using Student’s t-test. 

 
2.11 Electron paramagnetic resonance (EPR) 

 
The electron paramagnetic resonance (EPR) spectroscopy technique is used 

for studying chemical species having one or more unpaired electrons and a short life-

span, such as free radicals or inorganic complexes possessing a transition metal ion. 

The basic physical concepts of EPR are based on the fact that an electron is a 

charged particle, which spins around its axis causing it to act like a tiny bar magnet. 

Technically, this property of the electron is known as a magnetic moment. The EPR 

measures this spin of the electrons using a spin trap such as 5,5-dimethyl-1-
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pyrroline-N-oxide (DMPO), which forms a stable product (spin adduct) after reacting 

with the free radical.  

DMPO reacts directly with the hydroxyl radicals (OH•) forming the product 

DMPO–OH (Reaction 13) or the decomposition of DMPO–OOH (Reaction 14), 

having a half-life of approximately 1 min in neutral media. 

 

DMPO + OH• →   DMPO–OH•      (Reaction 13) 

DMPO + O2
• - + H2O → DMPO–OOH + DMPO–OH•  (Reaction 14) 

 

The generation of the hydroxyl radical by the particles (hematite fine, hematite 

ultrafine, arsenopyrite ash, DQ12 and TiO2) at concentrations of 10 µg/cm2 and 50 

µg/cm2 were measured with EPR under the following conditions: 

 

1. treatment of the particles with H2O2 

2. after treatment of the particles with ascorbic acid and H2O2 

3. after treatment of the particles with whole cell extract and H2O2  

 

1. Treatment of the particles with H 2O2  

The particles were suspended in a petri dish at a concentration of 50 µg/cm2 

and in the presence of 50 µl of 1M as DMPO spin trap (Appendix 4 [4]) and 120 mM 

H2O2. DdH2O was used as negative control. The suspension was incubated for 1 h at 

37ºC in a CO2 incubator and the suspension was filtered through a 0.45 µm Acrodisc 

syringe filter. The filtrate was immediately transferred to a capillary and measured 

with an EPR spectrometer.  

 

2. After treatment of the particles with ascorbic aci d and H 2O2 

The particles were suspended in a petri dish at concentrations of 10 and 50 

µg/cm2, respectively  in the presence of ascorbic acid (concentration – 2 µg/ml) 

followed by the addition of 50 µl of 1M DMPO spin trap (Appendix 4 [4]) and 120 mM 

H2O2. DdH2O was used as negative control. The suspension was incubated for 1 h at 

37º C in a CO2 incubator and before measurement was filtered through a 0.45 µm 

Acrodisc syringe filter. The filtrate was immediately transferred to a capillary and 

measured with an EPR spectrometer.   
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3. After treatment of the particles with whole cell e xtract (WCE) and H 2O2 

The WCE was prepared with the BEAS-2B cells grown in the 175 cm2 flask 

following the protocol of Wang et al. (2005).  Approximately, one hundred million cells 

were taken for the preparation of the WCE. The cells were trypsinized, collected and 

washed with cold PBS one time. They were centrifuged at 1500 rpm for 5 min at 4°C. 

The cell pellet was then washed and suspended in a hypotonic buffer. The cells were 

freeze-fractured by quick freezing at minus -80◦C (liquid nitrogen) and thawing at 

37°C in a water bath (about 2 min) for three times. Precaution was taken to 

completely submerge tubes containing the cells into liquid nitrogen, because it snap-

freezes them and then the tube was immediately put into a 37°C water bath to thaw 

it. Subsequently, the mixture was incubated at 4°C for 30 min on a rotating platform in 

KCl at a concentration of 500 mM and then centrifuged (14,000 rpm) at 4°C for 40 

min, then the supernatant was removed and frozen at -20°C. 

Final concentration of the protein in WCE was measured using the Bradford 

method (Dye – Coomassive Blue G-250 in acidic solution) and following the company 

protocol (Bio-Rad Protein Assay). In short, protein standards of 500 µg/ml, 400 µg/ml, 

300 µg/ml, 250 µg/ml, 200 µg/ml, 100 µg/ml and 50 µg/ml were prepared. 10 µl of 

these standards and the probes were mixed with 200 µl of the dye reagent and mixed 

for 15 min at room temperature. Measurement was taken using a plate reader at 570 

nm absorbance. A standard curve was drawn from the standard measurements using 

which the amount of protein in the WCE was determined to be approx. 450 µg/ml 

(Appendix 4 [4]– Fig. 46). 

The particles were suspended in a Petri dish at concentrations of 10 and 50 

µg/cm2, respectively along with 250 µl of WCE followed by the addition of 50 µl of 1M 

DMPO as spin trap (Appendix 4 [4]) and 120 mM H2O2. DdH2O was used as negative 

control. The suspension was incubated for 1 h at 37º C in a CO2 incubator and the 

suspension was filtered through a 0.45 µm Acrodisc syringe filter. The filtrate was 

immediately transferred to a capillary and measured with an EPR spectrometer.   

   
All the EPR spectra measurements were recorded at RT and the instrument 

was set to: magnetic field 3360 G, sweep width 100 G, scan time 30 sec, modulation 

amplitude 1975 G, receiver gain 1000. Quantification was done by accumulation of 

three different spectra each averaging three different scans. All four peaks were the 
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amplitude. Outcomes were expressed as the total amplitude in arbitrary units (EPR 

units) (Shi et al., 2003). 

  
2.12 2',7’- Dichlorodihydrofluorescein diacetate (H 2DCFDA) 

  
 2',7’-dichlorodihydrofluorescein diacetate (H2DCFDA) is a fluorogenic probe 

commonly used to detect intracellular generation of reactive oxygen species (ROS). 

This principle behind the detection of ROS using this dye is based upon the initial de-

acetylation of H2DCFDA by cellular esterase forming the oxidant-sensitive 

compound, 2',7’-dichlorodihydrofluorescein (H2DCF). H2DCF reacts rapidly with ROS, 

generating the highly fluorescent 2’,7’-dichlorofluorescein (DCF) (Bass et al., 1983). 

After excitation of DCF at 485 nm, the level of fluorescence emitted is measured at 

535 nm. An increased fluorescence level is an indication of an increased amount of 

ROS. Desferoxamine was used as a chelating agent to observe reduction in 

intracellular ROS generation. This metal chelator forms complexes predominantly 

with Fe(II) ions resulting in the formation of ferrioxamine. Chelation occurs on a 1:1 

molar basis, so that 1 g desferoxamine theoretically can bind to 85 mg ferric iron.  

For experiment one million cells were plated in a 12.5 cm2 flask and pre-

incubated for 24 h. The old media was then replaced by a fresh one and the cells 

were exposed to the particles at different concentrations for different time intervals. 

Metal chelator desferoxamine treatment was given to the cells at the final 

concentration of 100 µM concurrent to the particle exposures. After the lapse of 

exposure time cells were washed and suspended in 3 ml of PBS. They were exposed 

to a working solution of H2DCFDA at the final concentration of 10 µM for 20 min and 

incubated at 37°C. The PBS and the dye were then re moved, and the cells were 

trypsinized with a low concentration of trypsin (0.05 %) and reincubated for 10 min. 

Finally, 200 µl of PBS/ HBSS were transferred into the culture flask and the cells 

were resuspended in it. This suspension was taken into a 96-well plate and 

immediately measured with an enzyme-linked immunosorbent assay (ELISA) plate 

reader set at an excitation wavelength of 485 nm and an emission wavelength of 535 

nm.  

For the analysis of the effects from transition elements (if present on the 

surface of the particles) in the generation of intracellular ROS, the metal chelator 

desferoxamine was added to the cells at a final concentration of 100 µM, concurrent 
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to the particle exposure. All the other parameters of the experiment were kept the 

same as had been mentioned previously. 

All experiments were performed twice in duplicates, and for statistical analysis 

Student’s t-test was applied. 

 

 

 

2.13 8-Hydroxyl-2-deoxyguanosine (8-OHdG) detection  by the enzyme-linked 
immunosorbent assay (ELISA) technique 

  

 Free radicals have an affinity to damage the DNA bases leading to their 

modifications. Of these, 8-OHdG with a hydroxyl group at the eight position of 

guanine is formed easily and abundantly by oxidative stress (Yamamoto et al., 1992) 

(Fig. 20). Therefore, 8-OHdG had been used as an oxidative stress marker. During 

DNA synthesis, 8-OHdG can mismatch with adenine (A) instead of cytosine (C), 

causing the conversion (GC → AT) of the guanine (G) and cytosine (C) into adenine 

(A) and thymidine (T) and finally mutagenesis or carcinogenesis.  

Figure 19: Chemical reaction of 2’,7’-
dichlorodihydrofluorescein diacetate 
intracellularly (Bass et al., 1983) 
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The protocol used for the isolation of DNA from the IMR-90 cells without the 

formation of 8-OHdG adducts was adopted from the work of Helbock et al. (1998). 

Two million cells were plated and incubated in a 25 cm2 flask and pre-incubated for 

24 h, followed by exposure to the particles (hematite and TiO2 nanoparticles and 

hematite, DQ12 fine and arsenopyrite ash particles) at concentrations of 5 and 10 

µg/cm² for a period of 24 h. At the lapse of time period the cells were washed with 

luke-warm PBS and trypsinized. They were further incubated for 10 min by 37°C and 

collected by centrifugation in 1 ml of PBS. The cell pellet was separated from the 

supernatant and resuspended in 500 µl of cell lysis solution followed by centrifugation 

at 10,000 x g for 20 sec. The supernatant with the cell debris was removed, and the 

pellet formed from the nuclei was treated once more with cell lysis solution followed 

by centrifugation. The cell nuclei pellet was resuspended in 200 µl of enzyme 

reaction buffer with 4 µg of RNAse A and incubated for 10 min at 37ºC. 10 µl of 

proteinase K (739 µg/ml) was added to this solution and re-incubated at 37ºC for 1 h 

with mixing at regular intervals. 300 µl of sodium iodide solution was added to the 

solution and mixed gently. It was followed by the addition of 500 µl of 100% 2-

propanol, gently mixing it by inverting the tube several times. The solution was 

centrifuged at 10000 x g for 10 min, and the supernatant was removed. The 

precipitate was mixed with 1 ml of 2-propanol 40 % (w/v) at a temperature of -80ºC 

and centrifuged at 10000 x g for 5 min. One ml of ethanol 70 % (w/v) was added to 

the precipitate and the sample was centrifuged for 5 min. The precipitate was 

vaccuum dried for 3 mins and resuspended in 100 µl of Tris-EDTA buffer. 

Figure 20: Structure of 8-hydroxyl-2-deoxyguanine. 
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 To check the purity of the DNA and its final concentration in suspension, 

absorbance of the DNA solution was measured at 260 and 280 nm, respectively.  

 

 

 

The ratio obtained from the above formula demonstrated by pure DNA typically 

should be between 1.8 and 1.85. 

 For the concentration of DNA in Tris-EDTA buffer the absorbance was 

measured at 260 nm and calculated by the formula - 

 

 

 
For the measurement of 8-OHdG using an ELISA kit 200 µg of DNA extract 

were suspended in 135 µl of H2O. 15 µl of 200 mM sodium iodide and 6 units of 

nuclease-P1 were then added to the DNA solution and incubated for 30 min to 1 h at 

37ºC after argon substitution. 

15 µl of 1 M Tris-HCl buffer (pH 7.4) and 2 units of alkaline phosphatase were 

added to the solution and incubated for 30 min – 1 h at 37ºC after argon substitution. 

To remove all macromolecules and enzymes the hydrolysates were filtered through 

Millipore microcon YM-10 at 14000 rpm for 10 min. 

For ELISA following the protocol of company all the buffers were brought to 

room temperature. 50 µl of the standards (0.5 ng/ml, 2 ng/ml, 8 ng/ml, 20 ng/ml, 80 

ng/ml, and 200 ng/ml) and the DNA samples of the exposed cells were applied onto 

the wells. The 50 µl primary antibody was applied to the wells followed by shaking 

and kept overnight (4ºC) after sealing it with an adhesive strip. On the next day the 

solution in the well was thrown away followed by removal of the residue by tapping 

onto absorbent towels several times. The assay plates were then washed with 250 µl 

of wash buffer 3 times. One hundred µl of the secondary antibody was then added to 

the wells and the assay plate was sealed tightly with an adhesive tape and incubated 

for 1 h (room temperature). After the lapse of time the washing steps followed to 

remove the excess primary antibodies was followed. One hundred µl of chromatic 

solution (3,3,5,5-tetramethyl-benzidine) were added to the wells followed by 

incubation for 15 min RT in dark. The chromatic solution had changed to blue colour. 

Concentration of DNA = absorbance at 260 nm x 50 µg/ml x dilution rate 

Purity of DNA = absorbance at 260 nm : absorbance at 280 nm 
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The reaction was stopped by adding 100 µl of a reaction terminating solution (2M 

H2SO4) to the wells, and the absorbance was measured at 450 nm (reference 

wavelength – 620 nm). The standard curve was used to determine the amount of 8-

OHdG present in the samples.  

 

2.14 Microarray analysis  

  
 With certain exceptions, every cell of the body contains a full set of 

chromosomes and identical genes. Only a fraction of these genes are expressed at a 

certain time. ‘Gene expression’ is the term used to describe the transcription of the 

information contained within the DNA (the repository of genetic information) into 

messenger ribonucleic acid (mRNA) molecules that are then translated into the 

proteins to perform most of the critical functions of cells.  

The kinds and amounts of mRNA produced by a cell provide an insight into 

how the cell responds to its changing needs. Microarray is used to analyze this 

information by creating complementary DNA (cDNA) libraries out of the expressed 

mRNAs and which are then converted to complementary RNA (cRNA) hybridized 

with special fluorescent dyes. These cRNAs are detected with different nucleic acid 

probes chemically printed onto a substrate / chip, which can be made out of glass, 

nylon or quartz and analyzed using special microarray software. The analysis 

consists of 2 parts: a) basic fluorescence intensity quality detection and background 

reduction, b) conversion of each spot into gene information and calculation of the fold 

up and down regulation by comparing the samples with control values.   

 For this assay 10 million IMR-90 cells were exposed to different particles 

(hematite fine and nanoparticles; arsenopyrite ash and Gypsum) at the concentration 

of 10 µg/cm2 for 48 h. After the lapse of the time period the cells were washed to 

remove media and particles, trypsinized and treated with ice cold PBS. The cells 

were frozen at -20ºC stepwise and stored until further analysis.  

 Isolation of the total RNA was performed with ‘Array Grade Total RNA-

Isolation-Kit’ from Superarray. In short, the frozen cells were thawed and taken into 

RNAse-free centrifuge tube and centrifuged at 1000 rpm for 5 min. The supernatant 

was removed and the pellet was resuspended in 350 µl of cell lysis buffer. Using a 

filter column the suspension was recentrifuged at 12000 rpm for 5 min and the 

supernatant was collected. Total RNA was precipitated with 70% ethanol and this 
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precipitate was separated from the ethanol by centrifugation. Salts from the RNA 

precipitate were removed by using a desalting buffer and centrifugation step. RNA 

was then washed with 3 respective wash buffers and centrifuged each time. Total 

RNA was eluted in 50 µl of RNAse free H2O.   

For measuring the quality and quantity of total RNA, 1 µl of RNA suspension 

was dissolved in 49 µl of Tris-EDTA buffer (pH 8.0) and the absorbance was 

recorded at 230, 260 and 280 nm. For determining the quality following ratios were 

analyzed: 

  

 

 

For measuring the quantity:  

 

 

‘Dilution factor’ is the ratio of solute (DNA) to solvent (Tris – EDTA) (1:50) 

 

The samples were frozen at -20°C till further analy sis. cRNA was produced 

using the ‘TrueLabeling-PicoAMP™ kit from Superarray and post-labelled with Cy3 

and Cy5 dyes. For hybridization and microarray analysis the ‘Oligo GEArray System’ 

for DNA damage signalling in Homo sapiens from Superarray was used.  The array 

membrane was soaked in deionized water as a prehybridization step, followed by 

adding the GEAhyb hybridization solution, heated to 60°C after removing the 

deionized water and hybridized in an oven at 60°C f or 1 to 2 h with slow and 

continuous agitation. For preparing a hybridization mix, 2 µg of biotin-labelled cRNA 

target were then added to 0.75 ml of pre-warmed GEAhyb hybridization solution and 

kept at 60°C. This hybridization mix containing the  labelled cRNA target is then 

added to the hybridization tube containing the membrane after removing the old 

hybridization buffer and is then hybridized overnight at 60°C with continuous but slow 

agitation. On the next day the target hybridization mix from the hybridization tube was 

removed and stored at -20°C for future use. The hyb ridized membrane was washed 

with wash-buffers and then treated for chemiluminescent detection. At RT 2 ml of 

GEAblocking solution Q at 37°C were added to the hy bridization tube containing the 

hybridized membrane and incubated for 40 min at RT. Later, the GEAblocking 

A260 x 40 x 50 (dilution factor) = sample concentration (µg/ml) 

i. 260 / 280 nm = 2.0 
 

ii.  260 / 230 nm = 1.7 
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solution-Q was discarded and the membrane wad treated with 2 ml of diluted AP-SA 

Buffer followed by further incubation. The membrane was finally washed four times 

with 4 ml 1X wash-buffer and rinsed with Oligo GEArray followed by 3 ml Buffer-G 

(supplied with the kit) and treated with 1 ml of CDP-Star chemiluminescent substrate. 

The tube was then rotated at room temperature in the hybridization oven for 2 to 5 

min, and then the membrane was placed into a plastic sheet protector without any 

bubbles and the image acquisition was completed. The image analysis was 

performed using a specially designed web-based and completely integrated ‘GEArray 

Expression Analysis Suite’ from Superarray to do the data analysis.  

The genes functions were classified according to the ‘Human Genome 

Organisation’ defined by ‘Gene Ontology Consortium’ (GO) (Bammler et al., 2005) 

based upon the molecular function and involvement in biological processes. Only the 

up-regulated genes were analyzed for the detection of the probable DNA damages 

incurred by the cells on particle exposures. 
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3. RESULTS 

 
3.1 Chemical and physical analysis of the particles  
 
3.1.1 Particle size analysis  

Hematite nanoparticles were found to have a size distribution of <100 nm = 

39.6%, 100–500 nm = 60.3%, and >500 nm = 0.1%; hematite fine particles had a 

size distribution of 100-<500 nm = 23%, and 500 nm-2.5 µm = 77%; arsenopyrite ash 

particles had a size distribution of <100 nm = 37%, 100-<500 nm = 58%, 500 nm–2.5 

µm = 0.3%, and 2.5 µm-<5 µm = 5% and finally, DQ12 fine had a size distribution of 

100-<500 nm = 3% and 500 nm–2.5 µm = 95% (Fig. 21). 
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Figure 21: Graphical presentation of particle size distribution of the different particles 
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3.1.2 Morphological and elemental analysis of the p articles by SEM and EDX  

Depending upon the size distribution all particles were divided into the 

category of ‘Nanoparticles’ and ‘Fine particles’. 

 
3.1.2.1 Nanoparticles 
  
Hematite 

 Morphologically, these particles were found to be spherical in shape and size 

of these particles based on the scale provided in the SEM image indicated them to 

be under 100 nm diameter range (Fig. 22). 

  
  

The elemental composition of the hematite nanoparticles obtained by EDX 

spectra analysis (Fig. 23) demonstrated that the particles contained 78.7% iron (Fe) 

and 21.3% oxygen (O) (Table 2). These nanoparticles were found free of any 

transition element. 

  

Figure 22: Scanning electron 
microscopic image of 
hematite nanoparticles 

Figure 23: Spectra obtained by 
electron dispersive X-ray analysis of 
hematite nanoparticles 
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Titanium dioxide (TiO2) 
TiO2 were found to be morphologically similar to the hematite nanoparticles as 

revealed by SEM. The obtained image also demonstrated that the majority of the 

nanoparticles were under the size range of 100 nm (Fig. 24). 

  

  

   
EDX spectra analysis (Fig. 25) revealed that the TiO2 nanoparticles contained 

56% titanium (Ti), 41% O and 3% carbon (C) elements (Table 2). An insignificant 

amount of carbon was also detected in the TiO2 nanoparticles. 

  

 

Figure 24: Scanning electron 
microscopic image of 
titanium dioxide particles 

Figure 25: Spectra obtained from 
electron dispersive X-ray analysis 
of titanium dioxide nanoparticles 
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3.1.2.2 Fine particles 

  

Hematite 

 Analysis of the SEM image demonstrated that the maximum number of 

hematite fine particles had a size between 500 nm and 2.5 µm. Morphologically, 

these particles were of heterogeneous form that is these particles had different 

shapes (Fig. 26).   

   
  

EDX spectra analysis (Fig. 27) demonstrated that the hematite fine particles 

contained 78.7% Fe and 21.1% O elements similar to the hematite nanoparticles. A 

small amount of silica (0.2%) was also found in the particles (Table 2).  

 

 

Figure 26: Scanning 
electron microscopic image 
of hematite fine particles 

Figure 27: Spectra obtained from 
electron dispersive X-ray analysis of 
hematite fine particles 
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 Quartz (DQ12) 

 DQ12 fine particles were found to be heterogeneous in shape through SEM 

image analysis. These particles were found to have a size between 500 nm–2.5 µm 

confirming the results found through size distribution analysis (Fig. 28). 

 

 EDX spectra analysis (Fig. 29) demonstrated the particles to be composed of 

53% Si and 47% O elements. No transition element was traced in the particles (Table 

2).   

 

  
Arsenopyrite ash 

Arsenopyrite ash sample received from the sulphur processing company were 

found to contain particles between the size range of <100 nm-<10 µm as measured 

based on the SEM image scale (Fig. 30). 

Figure 29: Spectra obtained from 
electron dispersive X-ray analysis 
of quartz (DQ12) fine particles 

Figure 28: Scanning electron 
microscopic image of Quartz 
(DQ12) fine particles 
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 EDX analysis (Fig. 31) demonstrated that the arsenopyrite ash particles were 

a heterogeneous mixture of several elements. The major elements present were Fe – 

43.9%, O – 25.2%, calcium (Ca) - 19.6%, and sulphur (S) – 13.9%. Arsenic (As) 

content of the particles was found to be as low as 0.62% (Table 2).  

 

 

Figure 30: Scanning electron 
microscopic image of 
arsenopyrite ash particles 

Figure 31: Spectra obtained from 
electron dispersive X-ray analysis 
of arsenopyrite ash particles 
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Table 2: Elemental composition of different particles determined by EDX 

Hematite nanoparticles 
Fe 78.7 
O 21.3 

Titanium dioxide nanoparticles 
Elements Weight % 

Ti 56 
O 41 
C 3 

Hematite fine particles 

Elements Weight % 
Fe 78.7 
O 21.4 
Si 0.2 

DQ12 fine particles 
Elements Weight % 

 Si 53 
 O 47 

 
Arsenopyrite ash particles 

Elements Weight % 
Fe 43.9 
O 25.2 
Ca 19.6 
C 18.3 
S 13.9 
Si 2.3 
Cl 1.4 
K 1 
Al 0.8 
Na 0.7 
Mg 0.3 
As 0.6 

 
 

3.1.3 ICP-MS for arsenic detection and speciation  

HLPC/ICP-MS analysis of the arsenopyrite ash particles gave a concentration 

of ≤1.58µg/100 mg arsenic present in the samples, and speciation revealed that the 

arsenic species was As2O3. Results provided by the company using arsenopyrite 

mineral for the production of Sulphur dioxide (SO2) and creating arsenopyrite ash as 

a residue demonstrated an average presence of 23.13±17.82 µg arsenic per 100 mg 

of arsenopyrite ash residue. These results were obtained by atomic absorption 

spectroscopic (AAS) analysis of samples on a yearly basis (Appendix 5 - Fig. 47). 
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3.1.4 Determination of total iron content in the particle s 

 All iron containing particles were found to have a similar amount of elemental 

iron present in them. Quantitatively, the total iron content per 0.4 mg of hematite fine, 

nanosize and arsenopyrite ash particles were amounted to 1.3 mM, 935 and 867 µM, 

respectively. No iron content was detected in the fine DQ12 fine and TiO2 nanosized 

particles (Fig. 32). 

No chelable amount of iron content in the particles was detected. 

 

Figure 32: Total iron content of different particles determined by spectrometry 

 
 

 

3.2 Reactivity of the particles towards cellular sy stems 

 

IMR-90 cells (page 27) and BEAS-2B cells (page 28) were used for the 

experiments as these cells represent the first line of the lung cells to come in direct 

contact with the inhaled particulate matter. 

 
3.2.1 TEM for uptake study of the particles 
 

3.2.1.1 Nanoparticles 

 
Hematite 
 

BEAS-2B cells (Fig. 33a) were taken to study the uptake and retention of 

different particles (page 34). Hematite nanoparticles were normally found in large 
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clusters inside the cells after their uptake. It was observed that when these particles 

were present in small clusters or as singly they were taken up by the process of 

micropinocytosis, as a small invagination on the outer cell membrane engulfing the 

nanoparticles was observed (Fig. 33b). Within 48 h the nanoparticles were found to 

be translocated to the peri-nuclear region of the cell moving inside the endoplasmic 

reticulum (ER) (Fig. 33c).    

It was also observed that the nanoparticles taken up by micropinocytosis or, the 

ones separated from the large major cluster into smaller groups or single particles, 

crossed over into the cytoplasm either directly without any membranous covering or 

enclosed within a cytoplasmic vesicle (Fig. 33c and d). 

Direct entry into the cytoplasmic region of the cell by a nanoparticle can only 

occur as a consequence of close interaction and coating of the nanoparticles with 

native proteins present on the cellular membrane or within the ER (Fig. 33c and d). It 

was observed that the particles present directly inside the cytoplasm were 

surrounded by several vesicle like structures (Fig. 33c).  

However, no particles were found to have penetrated any intracellular organelle 

such as nucleus or mitochondria. 
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Figure 33b: A small 
cluster of nanoparticles 
inside the cytoplasm 
enclosed within the 
intracellular membrane  

White Box –
Micropinocytosis of 
nanoparticles 

 

Figure 33c: Uptake of 
hematite nanoparticles 
using filopodium by the 
BEAS-2B cells as a large 
cluster of particle and their 
passage within the cells 
through the endoplasmic 
reticulum. The white stars 
represents a single or a 
small group  of hematite 
nanoparticles broken from 
the main cluster and 
penetrating the cytoplasm 
of the cell 

Figure 33a: Electron 
microscope images of a 
control cell illustrating the 
intracellular organelles of 
the BEAS-2B cell after 
cryo-sectioning  
 
Legends – Nucleus – 1; 
Mitochondria – 2; Trans – 
Golgi apparatus – 3; Golgi 
apparatus – 4; Vesicles – 
5; Filopodium – 6; 
Endoplasmic reticulum  - 
7  
 



RESULTS  
 
 

 68 

 

 

3.2.1.2 Fine particle 

 
Hematite 

For the uptake of hematite fine particles the BEAS-2B cells was found to be 

using filopodia, which assisted in the engulfment of the particles. Most of the 

hematite fine particles during and after uptake by the cells were observed to be 

grouped together in small agglomerates (Fig. 33e). 

Following uptake most of the fine particles were translocated very close to the 

peri-nuclear region enclosed within the ER similar to the hematite nanoparticles (Fig. 

33f). These fine particles were also found to be conspicuously surrounded by several 

mitochondria, a phenomenon not observable with hematite nanoparticles uptake and 

retention inside the cells. Some of these mitochondria were found at close proximity 

of the particles suggesting a direct interaction between these cell organelles and the 

particles (Fig. 33f and 32g). 

 
Arsenopyrite ash 

Arsenopyrite ash particles were also taken up in clusters by the BEAS-2B cells 

using filopodia, similar to the hematite particles (Fig. 33h). Some solitary particles 

were found surrounded by coated pits suggesting an endocytotic process (Fig. 33i). 

Arsenopyrite ash particles were also found very close to the peri-nuclear 

region following their uptake by BEAS-2B cells, similar to the fate of the other 

particles. These particles were also conspicuously surrounded by mitochondria and 

Figure 33d: A single 
large cluster of 
nanoparticles enveloped 
inside the endoplasmic 
reticulum. The white star 
represents a single 
nanoparticle directly 
present within the 
cytoplasm of the cell 
without any membrane 
covering and surrounded 
by vesicles 
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trans–Golgi vesicles, similar to the hematite fine particles, suggesting a close 

interaction between the particles and these cell organelles (Fig. 33j). 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 33g: Fine 
hematite particles 
enclosed within the 
endoplasmic reticulum 
surrounded by 
mitochondria  
 
Red arrow - Illustrates 
possible point of close 
interaction between the 
particle and the 
mitochondria 

Figure 33e: Uptake of 
hematite fine particles 
with the help of filopodia 
appandages 

Figure 33f: Fine hematite 
particles were found 
enclosed within the 
endoplasmic reticulum, 
next to mitochondria and 
the nuclear membrane. 
The particles were seen to 
be present in clusters 
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Figure 33i: Arsenopyrite 
ash particles enclosed 
within a coated pit after 
uptake 
 

Figure 33j:Arsenopyrite 
ash particles surrounded 
by mitochondria and 
trans – Golgi vesicles 
 

Figure 33h: Arsenopyrite 
ash particles enclosed 
within the endoplasmic 
reticulum after their 
uptake by the BEAS-2B 
cells using filopodium 
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3.2.2 Cytotoxicity analysis using Trypan blue assay  

3.2.2.1 IMR-90 cells  

 

Nanoparticles 

 
Hematite 

 Exposure of the IMR-90 cells to hematite nanoparticles produced a statistically 

significant concentration dependent loss of cell viability (p <0.05) at 24 and 72 h 

exposure. At 48 h a substantial recovery of cell viability was observed suggesting a 

possible population doubling in the cells.  

 

Titanium dioxide (TiO2)  

 TiO2 nanoparticles exposure to the IMR-90 cells also resulted in a 

concentration-dependent loss of cell viability at 24 h. However, this effect was 

statistically significant only at a concentration of 50 µg/cm2 (p <0.05) as compared to 

the control (untreated cells). Similar to the hematite nanoparticles exposed IMR-90 

cells a temporary recovery of cell viability was observed at 48 h. It was followed by 

the second statistically significant decrease in the cell viability (p <0.05) at 72 h. The 

loss of cell viability found at the 72 h time point was not only higher in magnitude than 

that found at 24 h but also directly proportional to the increasing concentration of the 

nanoparticles (Fig. 34b).  
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 Figure 34a: IMR-90 cells exposed to hematite nanoparticles 
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Figure 34b: IMR-90 cells exposed to titanium dioxide nanoparticles 

 

Fine particles 

 
Hematite 

 Exposure of IMR-90 cells to the hematite fine particles induced less cytotoxic 

effects as compared to the hematite nanoparticles-exposed cells. Loss of cell viability 

was found to be statistically significant at 24 h and at concentrations of 5 and 50 

µg/cm² (p <0.05). After 48 h exposure, except at 50 µg/cm² particle concentration 

where the loss of cell viability remained the same as of 24 h, a recovery was 

observed at all other particle concentrations applied. However, at 72 h exposure to 

the concentrations of 10 and 50 µg/cm² resulted in a statistically significant loss of 

cell viability again (p <0.05) (Fig. 34c).  

It was interesting to note that while till 10 µg/cm² particle concentration the loss 

of cell viability varied with time. At 50 µg/cm² particle concentration the loss of cell 

viability remained fairly stable and statistically significant at all time points. The 

results also pointed towards a significant difference in approach hematite fine and 

nanoparticles induced cytotoxicity.  
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Quartz (DQ12) 

After 24 h exposure the IMR-90 cells showed a statistically significant 

decrease in cell viability only at the concentration of 2 and 5 µg/cm² (p <0.05). After 

48 h exposure, while the IMR-90 cells demonstrated a recovery in their cell viability at 

2 and 5 µg/cm², a considerable loss was observed at the concentrations of 10 and 50 

µg/cm². At the longest exposure time point of 72 h, all the cells exposed to 50 µg/cm² 

showed a constant decrease in their cell viability (Fig. 34d).  

 

Arsenopyrite ash 

 Arsenopyrite ash particles were found to be least cytotoxic following their 

exposure to the IMR-90 cells. After 24 h exposure, even though the levels of 

cytotoxicity induced by the particles in IMR-90 cells at all the concentrations given (2, 

5, 10 and 50 µg/cm²) remained low, these levels were found to be statistically 

significant (p <0.05) compared to the negative control (untreated cell). Not much 

difference was found between the levels of cytotoxicity induced by particles at 24 and 

48 h. Furthermore, at 48 h, only at the concentrations of 2 and 50 µg/cm² a 

statistically significant loss of cell viability was found (p <0.05). At the 72 h exposure 

time point, a concentration-dependent loss of cell viability was also found, which was 

also statistically significant (p <0.05) at the concentrations of 10 and 50 µg/cm² tested 

(Fig. 34e). 

Raw data of all the measurements are presented in Table 1 - Appendix 6. 
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Figure 34c: IMR-90 cells exposed to hematite fine particles 
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Figure 34d: IMR-90 cells exposed to DQ12 fine particles 
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Figure 34e: IMR-90 cells exposed to arsenopyrite ash particles 
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3.2.2.2 BEAS-2B cells  

 
Nanoparticles 

 
Hematite 

 Exposure of the BEAS-2B cells to hematite nanoparticles at 24 h caused a 

concentration-dependent loss of cell viability, which was highest and statistically 

significant at 50 µg/cm² particle concentrations (p <0.05). At 48 h, BEAS-2B cells 

exposed to particle concentrations of 2 and 5 µg/cm² showed a significant loss of cell 

viability. At the higher concentrations a recovery in the cell viability was also 

observed. Interestingly, loss of cell viability at all concentrations (2,  5, 10 and 50 

µg/cm²) after 48 h exposure and at the concentrations of 10 and 50 µg/cm2 after 72 h 

exposure were found to be statistically significant (p <0.05) as compared to the 

control (untreated) cells (Fig. 34f). The results obtained were an average of two 

experiments done in duplicate. 

 

Titanium dioxide (TiO2) 

 TiO2 nanoparticles were found to be completely non-cytotoxic in the BEAS-2B 

cells. Unlike to the effects observed in the IMR-90 no loss of cell viability was 

observed in the BEAS-2B cells at all the concentrations (2, 5, 10 and 50 µg/cm²) and 

the time points tested (24, 48 and 72 h) (Fig. 34g).  
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Figure 34f: BEAS-2B cells exposed to hematite nanoparticles 
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Figure 34g: BEAS-2B cells exposed to titanium dioxide nanoparticles 

 

 

Fine particles 

 
Hematite   

BEAS-2B cells exposed to hematite fine particles for 24 h showed a 

concentration-dependent loss of cell viability up to a concentration of 10 µg/cm². Loss 

of cell viability at the concentrations of 10 and 50 µg/cm² remained unaltered and 

statistically significant (p <0.05). At 48 h, cytotoxicity due to particle exposure in the 

BEAS-2B cells was found elevated and also demonstrated a concentration-

dependent loss of cell viability. However, similar to that observed at 24 h, the loss of 

cell viability at the concentrations of 10 and 50 µg/cm2 was relatively constant. 

However, here both the concentrations were also found to cause a statistically 

significant (p <0.05) loss of cell viability. At 72 h, the particles were found to have no 

cytotoxic effect at all concentrations tested, as the cell viability was found equal to 

that of the control (untreated) cells (Fig. 34h). 
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Quartz (DQ12) 

 DQ12 fine particles exposure to the BEAS-2B cells at 24 h led to a high loss of 

cell viability at the lower concentrations of 2 and 5 µg/cm², while it remained non-

cytotoxic at the higher concentrations. After 48 h exposure the cells were found to 

have a concentration-dependent loss of cell viability till 10 µg/cm². Similar to the 

effects observed in the BEAS-2B cells exposed to hematite fine particles, the loss of 

cell viability at the 10 and 50 µg/cm² remained almost equal and statistically 

significant (p <0.05). At 72 h, only at the concentration of 50 µg/cm² a statistically 

significant loss of cell viability was observed (p <0.05) (Fig. 34i). 

 

Arsenopyrite ash 

Exposure of BEAS-2B cells to arsenopyrite ash particles induced a significant 

loss of cell viability at the time point of 24 h. This effect was found to be statistically 

significant (p <0.05) at all concentrations tested (2, 5, 10 and 50 µg/cm²). A more 

prominent concentration-dependent loss of cell viability was observed after 48 h 

exposure.  The effect was found to be statistically significant at the concentrations of 

10 and 50 µg/cm² (p <0.05). At 72 h, the cells showed a reduction in the level of 

cytotoxicity, which was found to be statistically significant at the concentrations of 10 

and 50 µg/cm² (Fig 34j). 

 

Raw data of all the measurements are presented in Table 2 - Appendix 6. 
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Figure 34h: BEAS-2B cells exposed to hematite fine particles 
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Figure 34i: BEAS-2B cells exposed to quartz (DQ12) particles 
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Figure 34j: BEAS-2B cells exposed to arsenopyrite ash particles 

  

Unlike IMR-90, the BEAS-2B cells demonstrated a higher tolerance towards 

the particle cytotoxicity. Every particle was observed to have its own way of causing 

cytotoxicity. These effects were rather a cumulative effect of their physico-chemical 

properties, rather than an effect based upon the chemical composition. Reduction in 

the loss of cell viability at the 48 h time period found with different particle exposures 

seemed to be more related to the cell population doubling time of IMR-90 (25 – 30 h) 

and BEAS-2B (24 h) cells. The reduction in the number of dead cells due to nuclear 

fragmentation is also known as the process of ‘cell blebbing’.  

 

3.2.3 Apoptosis / necrosis study  

  Based on the cytotoxicity results, analysis of apoptosis / necrosis was 

conducted in the IMR-90 cells at the concentration of 10 µg/cm² and a time duration 

of 24 h. TiO2 particles were not selected for this analysis, since they were found to be 

non-cytotoxic at the present concentration and time of exposure (Table–3).   

 The results obtained from the assay failed to reveal the pathway (apoptosis or 

necrosis) related to the loss of cell viability in the IMR-90 cells on exposure to the 
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particles. Most of the cells were found at the late apoptotic / secondary necrosis 

stage. The highest amount of late apoptotic cells were found following exposure to 

arsenopyrite ash particles followed by hematite fine and nanoparticles. The lowest 

number of late apoptotic cells was found on exposure to the DQ12 fine particles.  

Among all the particles, hematite nanoparticles showed the most statistically 

significant result (p <0.001) followed by arsenopyrite ash particles (p <0.05) as 

compared to the negative control (untreated cells). The percentage of late apoptotic 

cells demonstrated by hematite and DQ12 fine particles was not found to be 

statistically significant. Late apoptosis / secondary necrosis had been related to the 

characteristic loss of cell membrane, nuclear disintegration and formation of 

apoptotic bodies.  

 
Table 3: Apoptosis, primary necrosis and secondary necrosis/ late apoptosis was detected 
with flow cytometer after annexin V – FITC and propidium iodide staining.  
 

10 µg/cm²  

24 h Viable Apoptosis Primary 
Necrosis 

Late 
Apoptosis / 
Secondary 
Necrosis 

Negative Control 
(Untreated cells) 

74.02% 
± 2.36 

2.84% 
± 1.51 

2.48% 
± 1.76 

20.25% 
± 1.21 

Hematite 
(nanosize) 

62.52% 
± 3.48 

0.04% 
± 0.01 

0.52% 
± 0.57 

36.89% 
± 4.07 

Hematite (fine) 40.54% 
± 12.82 

0.11% 
± 0.14 

0.11% 
± 0.01 

41.58% 
± 37.61 

DQ12 73.33% 
± 17.52 

0.4% 
± 0.47 

1.56% 
± 0.82 

24.47% 
± 15.93 

Arsenopyrite 47.97% 
± 20.59 

2.06% 
± 1.23 

3.18% 
± 1.92 

46.75% 
± 17.42 

 



RESULTS  
 
 

 81 

3.2.4 Genotoxicity assay 

 

3.2.4.1 IMR–90 cells 

  

Nanoparticles 

 
Hematite 

IMR-90 cells exposed to the hematite nanoparticles expressed the highest 

level of genotoxicity among all the particles applied. After 24 h exposure, statistically 

significant effects were observed at the concentrations of 5 µg/cm2 (p <0.05), 10 

µg/cm2 (p <0.001) and 50 µg/cm2 (p <0.01). These effects after 48 h were found to 

be completely reduced. At 72 h, a mild and statistically significant effect at the 

concentration of 10 µg/cm² (p <0.01) which however was very low as compared to 

the effects observed at 24 h exposure time (Fig. 35a).  

 
Titanium dioxide (TiO2) 

IMR-90 cells exposed to TiO2 nanoparticles revealed no DNA damaging effect. 

With this applied test system, TiO2 was found to be non-genotoxic (Fig 35b).    
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Figure 35a: Comet assay of IMR-90 cells exposed to hematite nanoparticles 
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Figure 35b: Comet assay of IMR-90 cells exposed to titanium dioxide nanoparticles 

 

Fine particles 

 
Hematite 

Exposure of IMR-90 cells to hematite fine particles induced a relatively strong 

effect. However, the observed effects were lower than that produced by hematite 

nanoparticles. The highest amount of genotoxicity was found at the concentrations of 

10 µg/cm² (p <0.05) and 50 µg/cm² measured after 24 h exposure. These genotoxic 

effects were found to be reduced to the control levels after 48 h exposure. A second 

strong and statistically significant genotoxic effect was observed after 72 h exposure. 

Statistically significant effects were found at the particle concentrations of 2 µg/cm² (p 

<0.05), 5 µg/cm² (p <0.01) and 10 µg/cm² (p <0.05) (Fig. 35c). However, genotoxicity 

observed at 72 h were very low in magnitude as compared to those found after 24 h 

exposure. 

 
Quartz (DQ12) 

 Exposure of IMR-90 cells to DQ12 particles produced a high and statistically 

significant level of genotoxicity only at concentrations of 10 and 50 µg/cm² and a time 

point of 24 h. Other concentrations applied at different time points were found to be 



RESULTS  
 
 

 83 

completely negative demonstrating a subdue genotoxic effect at the lower 

concentrations and longer time periods (Fig. 35d). 

 
Arsenopyrite ash 

 Exposure to the arsenopyrite ash particles induced a slight but statistically 

significant genotoxic effect at the concentrations of 2, 10 and 50 µg/cm² (p <0.05) 

after 24 h of particle exposure (Fig 35e). The particles were found non-genotoxic at 

other concentration applied and time points measured. 

 

Raw data of all the measurements are presented in Table 1 - Appendix 7. 
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Figure 35c: Comet assay of IMR-90 cells exposed to hematite fine particles 
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Figure 35d: Comet assay of IMR-90 cells exposed to quartz (DQ12) fine particles 
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Figure 35e: Comet assay of IMR-90 cells exposed to arsenopyrite ash particles 
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3.2.4.2 BEAS-2B cells 

 
Nanoparticles 

 
Hematite 

 Exposure of BEAS-2B cells to hematite nanoparticles induced a genotoxic 

effect at 50 µg/cm² particle concentration after 24 and 72 h exposures. However, 

these effects were not found to be statistically significant. Genotoxicity induced by 

these particles in the BEAS-2B cells was also fivefold lower in magnitude as 

compared to the IMR-90 cells after exposure to the same particle concentrations and 

at the same time points (Fig. 35f). 

 
Titanium dioxide (TiO2) 

 TiO2 particles proved to be completely non-genotoxic in this test system at all 

the concentrations and time points measured (Fig. 35g). 
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Figure 35f: Comet assay of BEAS-2B cells exposed to hematite nanoparticles 
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Figure 35g: Comet assay of BEAS-2B cells exposed to titanium dioxide nanoparticles 
 
 
Fine particles 
 
Hematite  

Hematite fine particles induced strong genotoxic effects in the BEAS-2B cells 

at the concentrations of 2, 5 and 10 µg/cm² and the exposure time point of 24 h. 

Statistically significant genotoxic effect found at 5 µg/cm² particle concentration only  

(p <0.05). These particles were found to be non-genotoxic at the other applied 

particle concentrations and longer exposure time points of 48 and 72 h (Fig. 35h). 

 
Quartz (DQ12) 

 A negligible but statistically significant genotoxic effect as compared to the 

negative control was observed on DQ12 particle exposure at the concentration of 5 

µg/cm² and 24 h time point. Highest genotoxic effect was observed on exposure to 

50 µg/cm² particle concentration and long exposure time points of 48 and 72 h. But 

these effects were not found to be statistically significant (Fig. 35i). 
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Arsenopyrite ash  

 Arsenopyrite ash particles were found to be completely non-genotoxic in the 

BEAS-2B cells at all concentrations and time points measured (Fig. 35j). 

Raw data of all the measurements are presented in Table 2 - Appendix 7. 
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Figure 35h: Comet assay of BEAS-2B cells exposed to hematite fine particles 
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Figure 35i: Comet assay of BEAS-2B cells exposed to quartz (DQ12) fine particles 
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Figure 35j: Comet assay of BEAS-2B cells exposed to arsenopyrite ash particles 

 

 The genotoxicity analysis revealed that the two cell types responded differently 

to the same particle. BEAS-2B cells were found to be less susceptible to genotoxic 

effect from particle exposures as compared to the IMR-90 cells. While the TiO2 

nanoparticles remained non-genotoxic at all particle concentrations and time periods 

analyzed, iron containing fine and nanoparticles were most genotoxic at the 

concentrations of 10 and 50 µg/cm² and at the time point of 24 h. A reduction in DNA 

fragmentation was found at 48 h that might be related to the DNA repair mechanism 

acting during the normal cell cycle of 25 h in the case of the IMR-90 cells and 24 h in 

the case of BEAS-2B cells. The second effect observed at 72 h may be a cumulative 

effect from the deteriorated condition of the culture medium due to long term usage 

by the cells and a constant injury from the particles present in the cells.  

 

3.2.5 Acellular ROS production under oxidizing and reducing conditions  

 Acellular ROS generation by the particles under oxidizing and reducing 

conditions at 37°C and aerobic condition was analyz ed using the electron 

paramagnetic resonance (EPR) technique (page – 40). For analyzing under oxidizing 
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condition the particles were treated with H2O2 to produce a replica of the condition 

they might face after internalization within bronchial phagocytic and epithelial cells. 

The results indicated the highest acellular ROS generation was induced by 

arsenopyrite ash particles and the lowest by the hematite nanoparticles. DQ12, 

hematite fine particles and TiO2 nanoparticles generated ROS in decreasing 

amounts. It may be noted that just the presence of Fe ions in the arsenopyrite ash 

particles cannot be held responsible for this high amount of acellular ROS 

generation, as the presence of significant amount of other transition elements was 

also observed from the EDX study. DQ12 had been implicated in a lot of studies to 

generate ROS with the help of its negative surface charge and trace elements 

present on the surface. Hematite fine particles were also found to produce high 

amounts of ROS, which gives a rise to the assumption that H2O2 reacted with Fe(III) 

producing large quantity of ROS under aerobic conditions and at 37°C. Furthermore, 

the reaction might occur on the surface of the iron containing particles as no chelable 

amount of Fe ions were found from the analysis using 1,10-phenanthroline chloride. 

TiO2 nanoparticles also produced relatively small amount of acellular ROS. The 

hematite nanoparticles were found to generate the lowest amount of acellular ROS, 

even though it is chemically the same as the hematite fine particles. The result 

pointed towards a role played by the surface charge of these particles leading to their 

agglomeration them together in the liquid suspension medium. Therefore, in contrast 

to providing more surface area as compared to the fine particles for reaction, 

nanoparticles practically provided less surface area for the H2O2 radical ions to react 

(Fig. 36). 

 

Raw data of all the measurements are presented in Table 1 - Appendix 8. 
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Figure 36: Acellular ROS production by different particles after treatment with H2O2 and 
spin trap – DMPO 
 

Kim et al. (1998) had found that the pH of intracellular organelles such as, ER 

and Golgi apparatus can change between alkaline and acidic conditions depending 

upon the prevailing circumstances and in order to balance the pH between the 

intraorganelle space and the surrounding cytosol. Previously, we had found uptake of 

all the particles followed by a long-term retention of the fine particles inside the ER 

and the penetration by the hematite nanoparticles into the cytoplasmic region directly 

or indirectly. To observe a reduction of the Fe(III) ions present on the surface of the 

particles to Fe(II) under a biological reducing condition followed by Fenton reaction 

we pre-treated the particles with ascorbic acid or whole cell lysate followed by a 

treatment with H2O2.  

The results obtained from exposing the particles to ascorbic acid and then to 

H2O2 under aerobic condition and at 37°C demonstrated t hat both the arsenopyrite 

ash and hematite nanoparticles produced 100 x times more acellular ROS as 

compared to the amount produced by these particles on a single treatment with 

H2O2. Furthermore, both these particles produced ROS in a time- and concentration-

dependent manner. Hematite fine particles also produced the double amount of 

acellular ROS after treatment with ascorbic acid and then with H2O2, but only at the 2 
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h time point. DQ12 and TiO2 particles produced a constant amount of ROS that was 

equal to the amount being produced by them only with H2O2 treatment (Fig. 37).  

These results demonstrated a complete conversion of hematite particle 

surface-bound Fe(III) ions into Fe(II) through a reducing reaction. It also pointed 

towards a possible alteration of the surface charge of the hematite nanoparticles 

minimizing the cluster formation inside the suspension medium and providing a larger 

surface area for the H2O2 to react. The same may hold true for the nanoparticle size 

fraction of the arsenopyrite ash particles also. 

 

Raw data of all the measurements are presented in Table 2 - Appendix 8. 

 

To understand this ROS producing mechanism by the particles under a more 

realistic reducing condition, the particles were treated with whole cell lysate and then 

with H2O2. The results demonstrated that even though the basic pattern of ROS 

production by the particles remained the same as found with their earlier treatment of 

ascorbic acid and H2O2, the quantity of acellular ROS generated was much lower. 

Hematite nanoparticles followed by the arsenopyrite ash particles were still found to 

produce the highest amount of ROS among all the particles. All the other particles 

including hematite fine particles either produced negligible amount of ROS or nothing 

at all (Fig. 38).  A reason for this can be a strong binding and accumulation of the 

proteins freely available in the lysate to the particle due to surface charge and, thus 

limiting the space for the reducing agents present in the cell lysate to react with the 

particle surface. This result again points towards the role played by the higher 

surface area and charge on the particles in reacting with the radicals and other 

biomolecules. 

 

Raw data of all the measurements are presented in Table 3 - Appendix 8. 
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Figure 37: Acellular ROS measurement with the electron paramagnetic resonance (EPR) 
technique after treatment of the particles with ascorbic acid and H2O2 
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Figure 38: Acellular ROS measurement with the electron paramagnetic resonance (EPR) 
technique after treatment of the particles with whole cell lysate of BEAS-2B cells and H2O2 
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3.2.6. Intracellular ROS production 

 
3.2.6.1 Nanoparticles 

 
Hematite  

 No generation of intracellular ROS was observed in the BEAS-2B cells at the 

short exposure time points of 1 and 6 h. Generation of intracellular ROS in the BEAS-

2B cells started after 12 h exposure time with a slight time-dependent increase of the 

ROS level till 24 h. No difference in the ROS generation level was observed between 

24 and 48 h. Generation of intracellular ROS by the BEAS-2B cells at particle 

concentrations of 2 and 5 µg/cm² and at the 12 h time point were found to be 

statistically significant (p <0.01 and <0.05, respectively) compared to the control 

(untreated cells) (Fig. 39a).  

These results clearly point towards a late generation of intracellular ROS by 

the BEAS-2B cells following exposure to the particles. The possible mechanism 

being elucidated here might be correlated to the uptake and translocation of the 

particles inside the cells, where the reduction of Fe(III) to Fe(II) occurred initially after 

reacting with the antioxidant biomolecules and followed by intracellular generation of 

ROS thereafter according to the Fenton reaction. 

 

Titanium dioxide (TiO2) 

TiO2 nanoparticles prompted a spontaneous generation of intracellular ROS in 

the BEAS-2B cells. This was found to be directly proportional to the particles 

concentration applied to the BEAS-2B cells. Interestingly however the generation of 

intracellular ROS could not be related to the time of exposures. A statistically 

significant amount of intracellular ROS generation was observed after 1 h particle 

exposure at the concentrations of 2 µg/cm² (p <0.05), 5 µg/cm² (p <0.05), 10 µg/cm² 

(p <0.05) and 50 µg/cm² (p <0.05) and after 48 h particle exposure to the 

concentrations of 10 µg/cm² (p <0.05) and 50 µg/cm² (p <0.01). Highest ROS 

production was observed at the concentration of 50 µg/cm² and at the time point of 

24 h, but it was found to be statistically insignificant due to the large standard 

deviation (Fig. 39b). 

Raw data of all the measurements are presented in Table 1 and 2 - Appendix 9. 
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 Figure 39a: Relative values of intracellular ROS measurement in BEAS-2B cells treated 
with hematite nanoparticles (p <0.05 *; <0.01 **) 
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Figure 39b: Relative values of intracellular ROS measurement in BEAS-2B cells after 
treatment with titanium dioxide nanoparticles (p <0.05 *; <0.01 **) 
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3.2.6.2 Fine particles  

 
Hematite 

Exposure of BEAS-2B cells to hematite fine particles led to a spontaneous 

generation of intracellular ROS at all the particle concentrations applied. This 

intracellular ROS generation remained fairly stable till the particle exposure time point 

of 12 h. At the longer exposure time points of 24 and 48 h, the generation of 

intracellular ROS was found to get reduced. All particle concentrations at the 

exposure time points of 1 h generated statistically significant amounts of ROS (2, 5, 

10 and 50 µg/cm²- p <0.05). Similarly, after 6 h particle exposure to the BEAS-2B 

cells a statistically significant ROS generation was found (2, 5 and 50 µg/cm²- p 

<0.05 and 10 µg/cm²- p <0.01). The applied concentration of 5 µg/cm² (p <0.05) 

generated a statistically significant amount of intracellular ROS at all exposure time 

points (12, 24 and 48 h) beside the shorter ones, while the 10 µg/cm² (p <0.05) 

concentration generated a statistically significant amount of ROS only at the 12 h 

time point. (Fig. 39c).  

 

Quartz (DQ12) 

Exposure of the BEAS-2B cells to DQ12 fine particles led to a spontaneous 

and continuous generation of ROS. Immediately after exposure of the BEAS-2B cells 

to the particle at 1 h time point statistically significant generation of intracellular ROS 

was found at all concentrations applied (2, 5, 10 and 50 µg/cm² p <0.05) as 

compared to the negative control (untreated cells). At the 6 h exposure time point 

applied particle concentrations of 5 and 10 µg/cm² were found to generate 

statistically significant amount of ROS intracellularly (p <0.05). Highest amount of 

ROS generation was found at the particle concentrations of 5, 10 and 50 µg/cm² after 

12 h exposure. Though intracellular ROS generated only at the applied concentration 

of 50 µg/cm² was found to be statistically significant (p <0.05). Most statistically 

significant intracellular ROS generation was found at the exposure time point of 24 h 

where, both 5 and 50 µg/cm² particle concentrations generated intracellular ROS 

having a p of <0.01, followed by the  applied particle concentration of 10 µg/cm² 

having a p of <0.05 (Fig. 40d) 
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Arsenopyrite ash 

 Exposure of the BEAS-2B cells to arsenopyrite ash particles led to a modest 

generation of intracellular ROS. An upward trend reaching the peak level at 24 h after 

exposure was found. Later measurement taken at the time point of 48 h showed a 

trend for reduction. It was interesting to find that as compared to the other particles, 

the lowest applied concentration of 2 µg/cm² generated the highest level of 

intracellular ROS at 24 h. A statistically significant generation of intracellular ROS 

was found only at the concentrations and time points of 10 µg/cm²- 6 and 12 h (p 

<0.05), 2 µg/cm²- 24 h (p <0.05), 5 µg/cm²- 48 h (p <0.05) and 10 µg/cm²- 48 h (p 

<0.01) (Fig. 39e). 

 

Raw data of all the measurements are presented in Table3, 4 and 5 - Appendix 9. 
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Figure 39c: Relative values of intracellular ROS measurement in BEAS-2B cells after 
treatment with hematite fine particles (p <0.05 *; <0.01 **) 
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Figure 39d: Relative values of intracellular ROS measurement in BEAS-2B cells after 
treatment DQ12 fine particles (p <0.05 *; <0.01 **) 
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Figure 39e: Relative values of intracellular ROS measurement in BEAS-2B cells after 
treatment arsenopyrite ash particles (p <0.05 *; <0.01 **) 
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3.2.6.3 Desferoxamine treatment 

  

Nanoparticles 

 The combined exposure of desferoxamine and nanoparticles to the BEAS-2B 

cells was found to be not effective enough in reducing the generation of intracellular 

ROS. On co-exposure with hematite and TiO2 nanoparticles desferoxamine was only 

able to reduce intracellular ROS at the concentration of 5 µg/cm² and the time point 

of 12 h. The reduction observed with the application of 5 µg/cm² particle 

concentration of TiO2 and desferoxamine was found to be statistically significant (p 

<0.05) as compared to the intracellular ROS generated by the cells only on 

nanoparticle exposure. At all the other applied concentrations of particles and time 

points a co-exposure of desferoxamine led to a higher generation of intracellular 

ROS (Fig. 39f).  

Raw data of all the measurements are presented in Table 1 and 2 - Appendix 9. 

 
Fine particles 

Co-exposure of BEAS-2B cells with different concentrations of fine particles 

and desferoxamine revealed a reduction of the ROS generation similar to that 

observed with nanoparticles. A reduction of the intracellular ROS generation was 

observed with hematite and DQ12 fine particles only at the applied concentrations of 

5 and 10 µg/cm² and the exposure time point of 12 h. Only the reductions 

demonstrated by hematite fine particles (2 and 5 µg/cm²- 12 h time point) were found 

to be statistically significant (p <0.05). At all other applied concentrations and 

exposure time points measured, an increase in the intracellular ROS generation level 

was observed (Fig. 39g). 

Raw data of all the measurements are presented in Table 3,4 and 5 - Appendix 9. 
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Figure 39f: Relative values of intracellular ROS measurement in BEAS-2B cells after co-
exposure with different concentrations of hematite and TiO2 nanoparticles and 100 µM 
desferoxamine (p <0.05 *) 
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Figure 39g: Relative values of intracellular ROS measurement in BEAS-2B cells after co-
exposure with different concentrations of fine particles and 100 µM desferoxamine  
(p <0.05 *) 
  
 



RESULTS  
 
 

 100 

3.2.7 8-OHdG detection  

 Exposing the IMR-90 cells to different fine and nanoparticles for 24 h revealed 

that only hematite fine particles at the concentration of 10 µg/cm² and TiO2 at the 

concentrations of 5 and 10 µg/cm² were capable of inducing 8-OHdGs. 

Quantitatively, it was found that hematite fine particles produced 0.1 ng/ml, and TiO2 

nanoparticles at the concentrations of 5 and 10 µg/cm² produced 1 and 1.1 ng/ml of 

8-OHdG adducts, respectively. One ml of liquid suspension contained the whole 

genome extract from approx. 2 million cells (Fig. 40). 
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Figure 40: 8-OHdG adduct measurement in IMR-90 cells after treatment with different 
concentrations of particles for 24 hrs and measurement with ELISA at 450 nm absorbance 
  
 
3.2.8 Microarray analysis for gene up-regulation on  particle exposure 

 Exposure of IMR-90 cells to the hematite fine, arsenopyrite ash and gypsum 

particles at the concentration of 10 µg/cm² and the time point of 48 h led to an up-

regulation of 50 and down-regulation of 40 genes for each particle. On grouping the 

up-regulated genes based upon particles the IMR-90 cells were exposed to 30 genes 

were found to be universally up-regulated after exposure to all the 3 particles. Eight 

genes were found to be up-regulated commonly on individual exposures to hematite 

fine and arsenopyrite ash particles. Similarly, 7 genes on individual exposures to 

0.1 ng/ml 

1 ng/ml 1.1 ng/ml 
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arsenopyrite ash and gypsum particles and 8 genes on individual exposures to 

hematite fine and gypsum particles were found to be common among the groups 

specified. In the cells exposed to hematite fine particles 3 unique genes and on 

exposure to DQ12 and arsenopyrite ash particles 5 unique genes each were found to 

be individually up-regulated (Fig. 41).  

 

 

Figure 41: Venn diagram of up-regulated genes after exposure of the IMR-90 cells to 10 
µg/cm² of hematite fine, arsenopyrite ash and gypsum fine particles for 48 h duration   

 

After exposure to the hematite fine particles a total of 7 genes related to the 

function of regulating apoptosis (GO:0006915) were up-regulated. Similarly, 8 genes 

related to the function of cell cycle arrest (GO:0000077) and 5 genes related to cell 

cycle check point (GO:0007093) were found to be up-regulated. 15 genes were 

found up-regulated involved in the process of damaged DNA binding (GO:0003684).  

Four genes related to the function of base–excision repair (GO:0006284) and double-

strand break repair (GO:0006302) each and 5 genes related to the process of 

mismatch repair (GO:0006298) were found up-regulated. Ten genes involved in 
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different processes of DNA damage repair mechanisms were also found up-

regulated. The expression levels were obtained as fold increase between the particle 

exposed and negative control (untreated) cells (Table 4, 5 and 6; Fig. 42). 
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Similarly, in the case of IMR-90 cells exposed to the arsenopyrite ash particle, 

8 genes related to GO:0006915, 10 genes related to GO:0000077, 5 genes related to 

GO:0007093, 19 genes related to GO:0003684, 3 genes in GO:0006302, 6 genes in 

GO:0006298, and 8 genes involved in miscellaneous DNA repair processes were 

found to be up-regulated as compared to the negative control (untreated)  (Table 4, 5 

and 6; Fig. 43). 

 

Figure 42: The 3D profile graphs the fold difference in expression of each gene between the 
two samples (hematite fine particles and negative control) in the 96-well format of the PCR 
array. Columns pointing up (with z-axis values > 1) indicate an up-regulation of gene 
expression, and columns pointing down (with z-axis values < 1) indicate a down-regulation 
of gene expression in the test sample relative to the control sample. The related name of 
genes is provided in Appendix 10 – Table 1. 
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In the IMR-90 cells exposed to the gypsum particles, 8 genes in GO:0006915 

and GO:0000077 each, 4 genes in GO:0007093, 14 genes in GO:0003684, 4 genes 

in GO:0006284, 5 genes in GO:0006302 and GO:0006298, and 9 genes in 

miscellaneous DNA repair processes were found to be up-regulated as compared to 

the negative control (Table 4, 5 and 6; Fig. 44).  

 

Figure 43: The 3D profile graphs the fold difference in expression of each gene between the 
two samples (arsenopyrite ash particles and negative control) in the 96-well format of the 
PCR array. Columns pointing up (with z-axis values > 1) indicate an up-regulation of gene 
expression, and columns pointing down (with z-axis values < 1) indicate a down-regulation of 
gene expression in the test sample relative to the control sample. The related name of genes is 
provided in Appendix 10 – Table 1. 
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Table 4: Assortment of genes on the basis of their functions in DNA damage signalling and 
universally up-regulated in the IMR-90 cells after exposure to different particles individually 
 

Apoptosis Genes ABL1 BRCA1 GADD45G IHPK3 TP53  
Cell Cycle Genes       

Cell Cycle Arrest CHEK2 DDIT3 GTSE1 HUS1 
MAPK1

2 
RAD1

7 
Cell Cycle Checkpoint BRCA1 FANCG SMC1L1 TP53   
DNA Repair       

Damaged DNA Binding 
ANKRD

17 
BRCA1 DDB1 ERCC1 FANCG FEN1 

 MSH2 NBS1 RAD18 XPC XRCC1  
Double-strand Break Repair FEN1 RAD50     
Mismatch Repair ABL1 ANKRD17 MLH1 MSH2   
Other Genes Involved in DNA 
Repair ATM BTG2 CCNH ERCC2 

IGHMB
P2 

 

 

Figure 44: The 3D profile graphs the fold difference in expression of each gene between 
the two samples (gypsum particles and negative control) in the 96-well format of the PCR 
array. Columns pointing up (with z-axis values > 1) indicate an up-regulation of gene 
expression, and columns pointing down (with z-axis values < 1) indicate a down-regulation 
of gene expression in the test sample relative to the control sample. The related name of 
genes is provided in Appendix 10 – Table 1. 
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Table 5: Grouping of genes assorted on the basis of their functions in DNA damage 
signalling and up-regulated in the IMR-90 cells after exposure to two different particles 
individually  
 
Hematite and Arsenopyrite ash    
Apoptosis Genes PPP1R15A - - 
Cell Cycle Genes    
Cell Cycle Arrest CHEK1 PPP1R15A - 
Cell Cycle Checkpoint ATR - - 
DNA Repair    
Damaged DNA Binding GTF2H3 N4BP2 XRCC2 
Mismatch Repair MLH3 - - 
Other Genes Involved in DNA Repair CRY1 GTF2H1 - 
Hematite and Gypsum    
DNA Repair    
Base–excision repair CIB1 MRE11A XRCC6B1 
Double-strand Break Repair NTHL1 - - 
Other Genes Involved in DNA Repair CDK7 PCNA SUMO1 
Arsenopyrite ash and Gypsum    
Apoptosis Genes CIDEA GML - 
Cell Cycle Genes    
Cell Cycle Arrest PCBP4 RAD9A - 
DNA Repair    
Damaged DNA Binding PMS2L9 SEMA4A - 
Double-strand Break Repair PRKDC - - 

 
 
 

Table 6: Grouping of genes assorted on the basis of their functions in DNA damage 
signalling and up-regulated in the IMR-90 cells after exposure to individual particle 

 
 Hematite Arsenopyrite ash Gypsum 

Apoptosis Genes RAD21 - PDCD8 
DNA Repair    

Damaged DNA Binding RAD51L1 
DMC1 
OGG1 
RAD51 

XRCC3 

Base–excision repair APEX1 - 
MPG 
UNG 

Double-strand Break Repair RAD21 - - 
Mismatch Repair - TREX1 - 
Other Genes Involved in DNA Repair  - ATRX RPA1 
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 4. DISCUSSION 
  

Aim of this study was to investigate the toxic behaviour of fine and nanosize 

iron-containing particles (hematite and arsenopyrite ash) along with fine sized quartz 

(DQ12) and TiO2 nanoparticles in human lung cells in vitro. The factors taken into 

account for this analysis were: i) physico-chemical properties of the particles, ii) 

uptake of the particles by human lung epithelial cells followed by intracellular 

translocation, iii) capability of the particles to induce cyto- and genotoxicity in different 

lung cells, iv) primary and secondary ROS generation, and v) genomic damage 

caused by oxidative stress followed by an up-regulation of the DNA repair 

mechanisms.  

 
4.1 Physico-chemical properties of the particles  

 
Both the hematite and DQ12 fine particles were found within the size range of 

PM2.5. A large percentage of the industrially generated arsenopyrite ash particles 

were in the size range of <500 nm. Interestingly, particles size distribution analysis of 

the hematite nanoparticles showed a high percentage of particles in the size range of 

100-<500 nm even though they were certified by Sigma – Aldrich GmbH to contain a 

high percentage of PM0.1. It was later confirmed by SEM image analysis that over 

90% of the particle content belonged to PM0.1. The size distribution analysis results 

using particle size analyzers therefore indicated towards formation of agglomerations 

by the nanoparticles inside liquid suspensions. Limbach et al. (2005) have related the 

property of nanoparticles to agglomerate in liquid to their high surface charge (zeta 

potential). 

Both, hematite fine and nanoparticles showed a high percentage of Fe and O. 

Arsenopyrite ash particles were also found to contain the basic elements of Fe and O 

along with a high percentage of Ca and S and a small proportion of arsenic. The 

arsenic component present in the arsenopyrite ash particles was identified as being 

As2O3 by ICP-MS. Quantitatively, the amount of iron present in all three types of 

particles (hematite nanosized, fine and arsenopyrite ash) was found to vary minutely.  

Due to the low concentration of As2O3 present in the arsenopyrite ash particles 

it was considered as non-toxic to the cells. Andrew et al. (2003) has found that As2O3 
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in a concentration of up to 5 µM did not cause any change in gene expression of 

BEAS-2B cells.  

No chelable form of iron was found in the iron containing particles. This 

indicated that iron is present only in bound form. Both, DQ12 and TiO2 particles 

turned out to be free of any iron contamination. The high content of Fe(III) in the iron-

containing particles provided them with a high positive surface charge (He et al., 

2008). Furthermore, hematite (Fe2O3) is also known as a ferromagnetic particle due 

its property quality to get magnetized and to maintain this feature for some time (Woo 

and Lee, 2004). DQ12 fine and TiO2 nanoparticles have been found to contain a 

negative surface charge (Nolan et al., 1981; Ridley et al., 2001).  

Morphologically, only hematite and TiO2 nanoparticles were found to be 

spherical in shape. All the other particles had a heterogenous form. It has been 

observed that the toxic potential of a particle is a collective consequence of all its 

physico-chemical properties (Salvi and Holgate, 1999). 

 

4.2 Uptake and translocation of particles in BEAS-2 B cells  

 

Lung epithelial tissue forms the first line of innate immune defence against 

inhaled toxic substances and can produce inflammatory mediators (Helbock et al., 

1998), reactive oxygen species (Bammler et al., 2005; Bayram et al., 1998), and 

transcription factors such as, NFκB and activator protein-1 pathways (Nel et al., 

2001; Jimenez et al., 2000). In order to reach for the mesenchymal region and blood 

capillaries of the lungs, particles have to cross through the epithelial tissue layer 

(Oberdörster et al., 2005b).  

The normal mode of transport for different particles has been observed to be 

through phagocytosis, micropinocytosis and clathrin–/caveolae–mediated 

endocytosis (Guilianelli et al., 1993; Rejman et al., 2004). In our study we found a 

filopodia-assisted engulfment of the fine particles and larger agglomerates of 

nanoparticles occurring in the BEAS-2B cells. Filopodia are slender cytoplasmic 

projections which extend from the leading edge of migrating cells. These 

appendages have also been found to act as points of adhesions by the cell to 

surface, cell to cell attachment and signalling (Lodish et al., 2004). Recently, they 

had also been found involved in assisting the cells in food uptake by acting as 
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phagocytic tentacles (Kress et al., 2007). Similar to our findings related to the uptake 

of nanoparticles, Stearns et al. (2001) have also demonstrated the uptake of TiO2 

nanoparticles as agglomerates within lung epithelial cells (A549). Single nanoparticle 

and small agglomerates of nanoparticles were also found to be taken up by 

micropinocytosis. Our study did not confirm findings from Churg et al. (1998). They 

have suggested that the nanoparticles were recognised and phagocytosed by the 

upper airway epithelium cells only as agglomerates. On some rare occasions single 

fine particles within the dimension of <1 µm were found to be taken up in coated pits 

signifying the presence of an endocytotic process by the BEAS-2B cells. Guilianelli et 

al. (1993) have also shown the uptake of hematite fine particles (<1 µm) by 

endocytosis in rabbit tracheal epithelial cells. 

Following uptake and intracellular translocation occurring within the ER of 

epithelial cells all particles were found near to the peri-nuclear space. While the fine 

particles were retained securely inside the ER, nanoparticles were found to escape 

through the intracellular membrane into the cytoplasmic region of the cell. Recently, 

Park et al. (2008) have demonstrated the translocation of cerium oxide nanoparticles 

to the peri-nuclear region as agglomerated particles followed by their penetration into 

the cytoplasm directly and within vesicles, similar to our findings with the hematite 

nanoparticles.  

The mechanism of nanoparticle translocation into the cytoplasm is still largely 

speculative. Geiser et al. (2005) have proposed that such type of translocation 

occurs through rapid binding of proteins onto the surface of the nanoparticles as 

soon as they come in contact with the surface of the cells or following phagocytosis 

by the cells (Linse et al., 2007). The fate of these particles is then affected in terms of 

adhesion and residence time inside the epithelial cells and their penetration through 

the cell membrane. Another possible route for penetration by the nanoparticles is 

through the pores as suggested for the lung-blood barrier substance exchange 

(Conhaim and Rodenkirch, 1998; Hermans and Bernard, 1999). However, such a 

signal-mediated transport of nanoparticles has been demonstrated only in the case of 

39 nm diameter gold particles in Xenopus oocytes (Pante et al., 2002). The third type 

of passive uptake not triggered by receptor–ligand interactions can be through the 

mechanism of Van der Waals forces, or by steric interactions related to the attractive 
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forces between the particles and surface molecules of the cell membrane (Rimai et 

al., 2000).  

In our uptake study, single nanoparticle and small agglomerates of hematite 

nanoparticles were translocated through the intracellular membrane of the ER 

with/without any membrane covering (vesicles). The nanoparticles passing into the 

cytoplasm enclosed within a vesicle represents a mechanism similar to the formation 

of the Golgi apparatus for the transportation of lipids and proteins from the 

endoplasmic reticulum to the different part of the cells. Direct translocation of 

hematite nanoparticles without any membranous covering into the cytoplasm 

suggested the role of one of the three mechanisms suggested by Geiser et al. 

(2005). They found the uptake of TiO2 nanoparticles in rat lung epithelial cells similar 

to our findings. Oberdörster et al. (1992) have observed the translocation of ultrafine 

TiO2 particles into the epithelial cells occurring within 24 h after intratracheal 

exposure to the rats. They have also observed that the uptake of nanoparticles was 

faster than their fine counterparts.  

Agglomeration by both the iron-containing particles inside the cell was clearly 

visible in the TEM images. While, this characteristic of forming agglomerates by 

nanoparticles is well is related their high surface zeta potential (Borm et al., 2000 and 

Limbach et al., 2005). It was interesting to note the same effect in fine sized particles. 

Though the agglomerates formed by the fine particles were noticed to be quite small 

as compared to those formed by the nanoparticles. Guilianelli et al. (1993) had also 

observed formation of agglomerates by the hematite fine particles (<1 µm size) on 

the surface of rabbit tracheal epithelial cells. 

Unlike the findings of Chen and von Mikecz (2005) and of Li et al. (2003) that 

the nucleus and the mitochondria of cells were penetrated by SiO2 and ambient air 

nanoparticles, we found no nanoparticles penetrating these organelles in our study. 

The reason for the inability of the hematite nanoparticles to penetrate the cell 

organelles might the positive zeta potential or the type of cells used for our study. 

Chen and von Mikecz (2005) have studied the negatively charged SiO2 for their 

translocation into the nucleus of epithelial cells. Li et al. (2003) have studied the 

translocation of ambient air nanoparticles into the mitochondria of macrophages 

(RAW 264.7 cells). Another possibility might be the choice of an early time point in 
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our study providing no time for translocation of the nanoparticles into the intracellular 

organelles. 

It was interesting to find a possible direct interaction between the hematite fine 

and arsenopyrite ash particles enclosed within the endoplasmic reticulum with 

mitochondria. Since mitochondria are the major organelles involved in the production 

of H2O2 (Turrens, 2003), their direct interaction with the fine particles leading to the 

generation of oxidative stress inside the cells cannot be ruled out. 

 

4.3 Analysis of the cytotoxicity of nanoparticles a nd fine particles  

   

Both IMR-90 and BEAS-2B cells exposed to hematite nanoparticles 

demonstrated loss of cell viability after 24 h exposure. Cytotoxicity was found to be 

more pronounced and concentration-dependent in the IMR-90 cells at 10 and 50 

µg/cm² and in the BEAS-2B cells at 50 µg/cm² particle concentrations. Wottrich et al. 

(2004) have also found 50% cell death from the hematite nanoparticles in lung 

epithelial and macrophage cells at 50 µg/cm2 particle concentration after 24 h time 

point. In IMR-90 cells a second cytotoxic effect was found at 72 h time point which 

was also concentration-dependent but less in magnitude compared to that observed 

after 24 h exposure time. While a complete reduction of cytotoxicity was observed in 

the BEAS-2B cells after 48 and 72 h exposure time points, the IMR-90 showed an 

increase in cell viability only at 48 h. The cytotoxic effect produced by hematite 

nanoparticles in the IMR-90 cells was higher in magnitude compared to that in the 

BEAS-2B cells.  

An exposure to hematite fine particles for different time points induced a high 

and distinct cytotoxic effect in the BEAS-2B cells compared to that in IMR-90 cells. A 

concentration- and time-dependent loss of cell viability was observed until 48 h 

exposure time in the BEAS-2B cells. Guilianelli et al. (1993) have studied the effect of 

hematite particles on rabbit tracheal epithelial cells and found a high cytotoxic effect 

at the concentration of 50 µg/cm² and the 24 h time point. In the IMR-90 cells a high 

cytotoxic effect was initially observed at 24 h which remained stable at the particle 

concentrations of 10 and 50 µg/cm². The cells showed a reduction of cytotoxicity at 

48 h followed by a second effect at 72 h.  
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TiO2 nanoparticles proved to be non-toxic in the BEAS-2B cells while 

producing a significant cytotoxic effect in the IMR-90 cells. In IMR-90 cells exposed 

to TiO2 nanoparticles a gain of cell viability at the 48 h time point followed by a 

second higher loss of cell viability at 72 h was found similar to the hematite 

nanoparticles exposure. Cytotoxic effects from TiO2 nanoparticle exposures in 

different biological systems have also been observed in several studies in the past 

(Donaldson et al., 1998; Gilmour et al., 1997; Oberdörster et al., 1996). In contrast to 

our finding in the BEAS-2B cells, Sayes et al. (2006) have demonstrated cytotoxicity 

in A549 epithelial cells from exposure to native Anatase nanoparticles. The 

concentrations of nanoparticles applied to the cells were very high, however.  

Exposure to DQ12 particles resulted in an elevated level of cytotoxicity at the 

lower concentrations (2 and 5 µg/cm²), while at higher concentrations it remained 

relatively non-toxic at the 24 h time point. A concentration-dependent loss of cell 

viability was observed at 72 h in IMR-90 cells and at 48 h in BEAS-2B cells. Geh et 

al. (2006) have studied the cytotoxic properties of DQ12 in IMR-90 cells and have 

found a relatively low cytotoxicity. They have also observed the highest effect at a 

concentration of 50 µg/cm², but at the shorter time point of 24 h. The delayed and 

milder cytotoxic effect in our study can be related to the age of the quartz sample. 

While Stone et al. (2004) have suggested a role of the cation exchange on the 

surface of the DQ12 particles in their delayed and low activity, Fubini et al. (1995) 

have found the ‘‘fresh’’ quartz samples more reactive than ‘‘aged’’ samples. 

Exposure to arsenopyrite ash particles in both cell lines was found to induce a 

cytotoxic effect after 24 h exposure. While, the effect was more concentration-

independent at 24 h, it was found to be concentration-dependent at longer 

exposures. In both cell lines the highest cytotoxicity was observed at 50 µg/cm² 

particle concentration. After exposure for 72 h to the particles the IMR-90 cells 

demonstrated the highest loss of cell viability, specially at the 50 µg/cm² particle 

concentration. A trend towards a reduced cytotoxic effect from the particles was 

observed in the BEAS-2B cells at the same time point of 72 h.  

The cytotoxicity analyses presented quite unique results demonstrating 

different responses from the cells to different particles. This is particularly surprising 

in the case of iron-containing hematite nanosized, hematite fine and arsenopyrite ash 

particles, as all three particles were chemically similar (Fe2O3).  
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The results also demonstrated that the lung epithelial cells had a higher 

tolerance for particulate insult compared to lung fibroblasts. The results 

demonstrated a cumulative effect from the physico-chemical attributes of the 

individual particle type. All the particles were found cytotoxic specially at the high 

concentrations between 10 and 50 µg/cm² in both cell lines. It was interesting to 

observe that in most of the particle exposures two distinct cytotoxic events were 

found after exposures for 24 and 72 h time periods. These two events were 

separated by a gain in cell viability at 48 h. A possible factor that might lead to the 

increase in cell viability at 48 h exposure time might be related to the proliferation of 

IMR-90 and BEAS-2B cells after 24 h (Hornberg et al., 1996) along with the 

disintegration of the dead cells followed by the process of late apoptosis / secondary 

necrosis. This process of disintegration is also known as ‘cell blebbing’. 

The flow cytometric analysis of apoptosis/ necrosis in the IMR-90 cells 

exposed to different particles at 10 µg/cm² concentration and the 24 h time point 

showed that most of the cells were at the late apoptotic/ secondary necrotic stage. 

The highest percentage of late apoptotic/ secondary necrotic cells was found 

following exposure to the arsenopyrite particles followed by hematite fine and 

nanoparticles. The results demonstrated that the iron-containing particles were 

capable of high cytotoxicity. It was also interesting to note such a high number of 

cells at the late apoptotic/ secondary necrotic stage which is normally followed by 

nuclear fragmentation and cell blebbing leading to the formation of ‘apoptotic bodies’. 

Under in vivo conditions, this may lead to the phagocytosis of the dead cells by 

macrophages and to the recycling of biomolecules. The following study also gave a 

clue for the increased number of viable cells at the 48 h time point following particle 

exposures, comprehending that these late apoptotic/ secondary necrotic cells would 

bead to the generation of apoptotic bodies. However, the study failed to show if the 

dead cells had passed through the apoptotic/ necrotic pathway before reaching the 

cell blebbing/ nuclear fragmentation stage. 

 

4.4 Analysis of genotoxicity of nanoparticles compa red to fine particles  

  

The exposure to hematite nanoparticles induced the strongest genotoxic 

effects after 24 h of exposure in the IMR-90 cells at 10 and 50 µg/cm² particle 
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concentrations, and in the BEAS-2B cells at 50 µg/cm² particle concentration. The 

magnitude of genotoxic effect observed in the IMR-90 cells at this time point was 

fivefold higher compared to BEAS-2B cells. These effects were found to get reduced 

in both cell lines after 48 h exposure to the particles. At 72 h, a minute genotoxic 

effect was found in both cell lines.   

The exposure to hematite fine particles produced a significant genotoxic effect 

in both IMR-90 and BEAS-2B cell lines. In IMR-90 cells, the observed genotoxic 

effect was half compared to the magnitude of the genotoxic effect induced by 

hematite nanoparticles at the same 10 and 50 µg/cm² particle concentrations. In the 

BEAS-2B cells, the maximum effect was found after 24 h and at 10 µg/cm² particle 

concentration. The effect almost corresponded to that found in hematite 

nanoparticles at 50 µg/cm² particle concentration. Following the exposure to hematite 

fine particles a reduction of the genotoxic effect was found at 48 h which was 

comparable in both cell lines. Later at 72 h, when a second milder effect was found in 

the IMR-90 cells, the particles were found to be completely non-genotoxic in the 

BEAS-2B cells. Garry et al. (2004) have exposed 4 different cell lines to hematite fine 

particles and observed a negligible effect in the comet assay. Garry et al. (2003) 

have found that hematite fine particles though were non-genotoxic; they did enhance 

the genotoxic effects of benzo-a-pyrene coated onto them by generating free 

radicals. 

The exposure of the IMR-90 cells to DQ12 fine particles induced significant 

genotoxicity. These genotoxic effects were however confined only to the high 10 and 

50 µg/cm² particle concentrations and the exposure time of 24 h. DQ12 particles 

demonstrated a reduction of genotoxicity in the IMR-90 cells at the longer time points 

of 48 and 72 h. It produced however a late genotoxic effect in the BEAS-2B cells. 

Several studies have demonstrated that the DQ12 particles were quite capable of 

inducing genotoxicity in lung cells. Cakmak et al. (2004) and Knaapen et al. (2002a) 

have demonstrated that DQ12 induced DNA damage in human and rat lung epithelial 

cells, respectively. Geh et al. (2006a) have also demonstrated genotoxic effects of 

quartz using DQ12 in the IMR-90 cells. They have however used micronucleus assay 

parameters for determining genotoxicity. Recently, Li et al. (2007) have 

demonstrated that the DQ12 fine particles induced DNA damage in the rat epithelial 
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cells through the generation of oxidative stress within the cells. It is not necessary for 

these particles to enter the nucleus directly. 

 The exposure to the TiO2 nanoparticles in both cell lines failed to induce any 

genotoxicity, proving them to be non-genotoxic in IMR-90 and BEAS-2B cells. 

Previous experiments performed with anatase TiO2 nanoparticles have proven them 

to be non-genotoxic in the Chinese hamster lung fibroblast cells (V79) (Bhattacharya 

et al., 2008 – Appendix 11).  

 Arsenopyrite ash particles induced a very minute but statistically significant 

genotoxic effect in the IMR-90 cells at the time point of 24 h, but failed to invoke any 

genotoxicity in the BEAS-2B cells.  

From the genotoxicity assay it was established that similar to the cytotoxic 

effects observed after particle exposures, IMR-90 cells were also found to show 

stronger genotoxic effects compared to the BEAS-2B cells. This observation further 

strengthened the hypothesis that the lung epithelial (BEAS-2B) cells have a higher 

tolerance level towards a particulate insult compared to lung fibroblast (IMR-90) cells. 

The results also demonstrated that in the majority of the particle exposures a high 

genotoxic effect was observed at the high concentrations between 10 and 50 µg/cm² 

and the initial time period of 24 h, which was followed by a relaxation in the effect at 

48 h. In some cases, a second mild effect was found at 72 h. It can be hypothesized 

that the initial effect at 24 h was a direct particle effect. The reduction of genotoxicity 

at 48 h can be related to the activation of a DNA repair mechanism during the 24 h 

cell cycle of both cells (Hornberg et al., 1996). Cells that are not able to repair their 

DNA damage go through the process of apoptosis. Our findings of a high number of 

late apoptotic/ secondary necrotic cells after 24 h particle exposure in the flow 

cytometric assay strengthen this assumption. Furthermore, the apoptotic and necrotic 

cells form ‘Hedgehog comets’ due to nuclear fragmentation. These cells are not 

counted during comet analysis. The type of genotoxicity analysed in our study was 

‘primary genotoxicity’, that is dependent upon the generation of ROS by particles 

(Schins et al., 2002a). 

 

4.5 Acellular and cellular reactive oxygen species production by the particles  

 
ROS can be generated by the particles either directly depending upon the 

physico-chemical properties of the particle or by stimulating the cells to generate the 
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radicals. It has been observed that environmental particles, including asbestos, 

crystalline silica, heavy metal containing dusts, oil fly ash, coal fly ash and ambient 

particles have the ability to generate ROS themselves and cause oxidative stress in 

biological systems (Bergamini et al., 2006; Li et al., 2007; Leanderson et al., 1992; 

Roberts et al., 2007; Aust et al., 2002; Alaghmand et al., 2007).  

For the analysis of acellular ROS generation by the particles, they were 

treated with an oxidizing agent (H2O2) and with reducing agents (ascorbic acid and 

whole cell lysate). Biologically, reduction of Fe(III) to Fe(II) have been observed with 

NADH (Luo 1993), ascorbic acid (Miller and Aust 1989), and NaOH (Zhou et al., 

2006).  The major source of H2O2 inside the cells is the mitochondria, which produce 

it as a part of metabolism (Turrens, 2003). 

Hematite nanoparticles were found to generate insignificant amounts of ROS 

under a normal oxidizing condition. However, when they were pre-treated with 

ascorbic acid or whole cell lysate they generated the highest amount of OH• radicals 

independent of the time points and the applied concentration. The results pointed 

towards the property of agglomeration by the nanoparticles along with the alteration 

of surface Fe(III) ions to Fe(II). He et al. (2007) have demonstrated that smaller 

particles in the nanosize range tend to agglomerate when suspended in a low pH 

liquid. Therefore, the increase in the size of agglomerates at lower pH was directly 

proportional to the size of the particles. As observed in our study treatment of 

hematite nanoparticles by a reducing agent led to an alteration of the nanoparticle 

surface ion composition and surrounding pH. This would cause the nanoparticles to 

separate from their agglomerates and produce an increased surface area and 

highest generation of acellular ROS. 

In contrast to the hematite nanoparticles, the fine particles generated 

significant amounts of OH• radicals under both oxidizing and reducing conditions. 

Garry et al. (2004) have implicated the hematite fine particles of enhancing the 

toxicity of B(a)P coated on its surface by generating oxidative stress. Henle et al. 

(1997) have proposed a direct reaction between Fe(III) and H2O2 leading to the 

generation of free radicals (Reaction 15)– 

 

3Fe(III) + 2H2O2 → 2FeOOH2+ +  Fe(II) + 2H+ + O2
•- (Reaction 15) 
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Treatment of the hematite fine particles with ascorbic acid followed by H2O2 led 

to a twofold increase in the generation of acellular ROS initially at a high particle 

concentration.  Ascorbic acid reduces the particle surface bound Fe(III) ions into 

Fe(II) while itself is oxidized into dehydroascorbic acid (Reaction 16). These Fe(II) ion 

further reacted with H2O2 generating OH• radicals by Fenton reaction (Reaction 1, 

page 11). 

 

 

 

 

+ Fe3+    Fe2+ (Reaction 16) 

  

 

(Ascorbic Acid)        (Dehydroascorbic Acid) 

This acellular ROS generation by hematite fine was later found to get reduced 

significantly. A probable reason for this reduction could be the maximal conversion of 

the Fe(II) bound on the surface of the particles to Fe(III) following the Fenton 

reaction.  

Arsenopyrite ash particles were found capable of generating highest amount 

of acellular OH• radicals under oxidizing condition and amounts equal to that 

generated by the hematite nanoparticles under reducing condition. However, due to 

their origin from an industrial process and due to the presence of several elements 

beside Fe(III) in high percentage it was difficult to frame any hypothesis related to a 

specific element capable of reacting with the H2O2 directly or indirectly following 

reduction and generation of OH•  radicals.  

DQ12 fine particles yielded OH• radicals that were approx. equal to that 

generated by hematite fine particles following treatment with H2O2. No difference in 

OH• radicals generation was observed after treatment of the particles with ascorbic 

acid and H2O2. Previously, researchers have demonstrated that the surface 

characteristics of quartz were involved in the generation of ROS in an acellular 

environment (Vallyathan et al., 1991; Schins et al., 2002) as well as in the induction 

and persistence of pulmonary inflammation (Albrecht et al., 2004).  
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TiO2 nanoparticles were found to generate negligible amounts of acellular 

ROS under all tested conditions. Braydich-Stolle et al. (2007) have stated that under 

normal conditions TiO2 nanoparticles were capable of generating a small quantity of 

acellular ROS. They have also observed that the nanoparticles form aggregates 

when dispersed in water and serum free media with the largest aggregates found in 

the serum free media.  

In an effort to elucidate the acellular reaction occurring on the surface of the 

particles after their uptake in the cells and translocation into the cytoplasm the 

nanoparticles were treated with whole cell lysate and H2O2. It was found that the 

amount of acellular ROS generated by hematite nanoparticles was the highest 

amongst all particles followed by arsenopyrite ash particles and similar to that 

observed with ascorbic acid treatment. While TiO2 nanoparticles demonstrated no 

difference in their acellular ROS level, DQ12 and hematite fine particles showed a 

subdued generation of ROS.  

Based on the previous observations made after treating the particles 

with/without ascorbic acid and H2O2 treatment, it was found that hematite 

nanoparticles were indeed capable of generating high amount of acellular ROS 

following activation under a reducing condition that they might find inside the 

cytoplasm of the cells. Arsenopyrite ash particles generated acellular ROS under all 

conditions, but the quantity was much lower after reacting with the proteins from the 

cell lysate. Similarly, hematite and DQ12 fine particles also showed a drastic 

reduction in their acellular ROS generation capacity. This might be related to the 

complete covering of the particle surface area with the proteins leaving little space for 

H2O2 to react with the Fe(II) ions. It can be further stated that the resulting reduction 

of Fe(III) to Fe(II) can occur only on the surface of the particles as no chelable Fe(III) 

content was found in the particles with the 1,10 phenanthroline chloride test. Gao et 

al. (2007) studying Fe3O4 nanoparticles had found that the conversion of Fe(III) to 

Fe(II) ions took place on the surface rather than through the chelation of transition 

metals from it and the following catalytic activity of these nanoparticles were similar 

to the peroxidase enzymes. Miller et al. (1989) have demonstrated a high incidence 

of lipid peroxidation on conversion of Fe(III) to Fe(II). 

 Inside lungs ROS are generated endogenously during a specific and 

deliberate synthesis by various cell types, including vascular endothelial cells and 
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lung epithelial cells (Pezerat, 1991; Duffin et al., 2007). Studies have indicated that 

the lung epithelial cells generated ROS intracellularly through processes in which 

mitochondrial respiration and activation of NAD(P)H-like enzyme systems were 

involved after exposure to fly ash, DEP, PM and quartz particles (Arroyo et al., 1990; 

Guo et al., 1995).  

Our study of the intracellular ROS generation in BEAS-2B cells using 

H2DCFDA dye showed that the TiO2 nanoparticles exposure caused the maximum 

generation of intracellular ROS even though it failed to produce any cyto- and 

genotoxic effects in the cells, along with a substantial generation of acellular ROS. 

TiO2 nanoparticles have been shown to exhibit strong cytotoxicity when exposed to 

UVA radiation, but are regarded as a biocompatible material in the absence of 

photoactivation. In contrast to this concept and similar to our study, Gurr et al. (2005) 

and Singh et al. (2007) have also found that TiO2 nanoparticles induce oxidative DNA 

damage, lipid peroxidation, micronuclei formation, and increased ROS (H2O2 and 

NO•) production in BEAS-2B cells in the absence of photoactivation. Previously, we 

have found a mild and statistically insignificant induction of intracellular ROS in V79 

cells exposed to TiO2 nanoparticles (Bhattacharya et al., 2008 – Appendix 11). But 

the parameters used for that analysis were based on detecting lipid peroxidation of 

the cell membrane. In the present study, we measured a direct generation of free 

radicals inside the cells by the oxidation of fluorescent dye. 

Hematite nanoparticles generated the lowest amount of intracellular ROS as 

compared to the other particles. The effect was also found to be a late one starting 

from 12 h onwards. This delay in intracellular ROS generation might be related to the 

uptake and translocation within the cells followed by a direct interaction with the 

biomolecules present inside the cell. From our uptake and acellular ROS generation 

results it can be inferred that inside the cell hematite nanoparticles were present as 

large agglomerates which acted as big particles providing very little surface area for 

reaction. After coming in contact with neutral to alkaline pH and reducing agents 

inside the cell, these nanoparticles separated into smaller agglomerates and 

individual entities and generated ROS similar to that observed with the acellular ROS 

generation. Zelmanov and Semiat (2007) have observed that in the presence of H2O2 

hematite nanoparticles get reduced and cause a Fenton type reaction. Gao et al. 

(2007) have also demonstrated the catalytic activity of Fe(III) nanoparticles similar to 
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peroxidase enzymes following their conversion to Fe(II) using Fe3O4 nanoparticles. 

They have stated that the reactions take place on the surface of the nanoparticles 

themselves rather than through the chelation of transition metals, similar to our 

finding. 

All fine particles led to a spontaneous generation of ROS. We found that the 

generation of intracellular ROS by the DQ12 particles remained fairly constant, 

irrespective of time and concentration. In contrast, a reduction was observed in 

hematite fine particles at longer exposure times. Pezerat et al. (1991) have shown 

that DQ12 particles have a characteristic to generate ROS intracellularly. They have 

proposed that the negatively charged surface of the DQ12 particles reacts with H2O2 

leading to the generation of OH• radicals. Surface-generated ROS have also been 

implicated as the key element in the development of fibrosis and lung cancer (Fubini, 

1998). Duffin et al. (2001) have also related the reactivity of the DQ12 particles to the 

presence of transition metals on its surface. Fontecave et al. (1990) have 

demonstrated malondialdehyde generation by oxidation of the lipid peroxisome on 

exposure to hematite particles. Unlike the hematite fine particles arsenopyrite ash 

particle exposure to the BEAS-2B cells showed a high generation of intracellular 

ROS only at the 24 h time point followed by a reduction later. This delayed effect 

from the arsenopyrite ash particles might be related to their small size as had been 

observed with the hematite nanoparticles exposure. Similar to the observation made 

after the treatment of fine particles with whole cell lysate, reduction in the ROS 

generating capacity of the hematite fine and arsenopyrite ash particles might be 

related to their interaction with the native proteins of the cells reducing the availability 

of surface area on the particles for generation of free radicals.  

Co-treatment of the particles with deferoxamine demonstrated only a minor 

effect. It reduced the ROS generation only at one time point and at the lowest 

concentration of TiO2 nanoparticles and at two concentrations of hematite fine 

particles, both at the 12 h exposure time point. At all other applied particle 

concentrations and at the other time points deferoxamine was found to increase the 

level of intracellular ROS generation. Deferoxamine is an iron chelator that has been 

used for the removal of excess iron from the blood of patients suffering from iron 

overload. However, deferoxamine has also been found to generate nitrous oxide 

(NO•) free radicals in the cells (Walker et al., 1985). Davies et al. (1987) have 
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described the generation of free radicals by deferoxamine in a neutral condition 

following reaction with superoxide. Deferoxamine (Df-) contains three ionized 

hydroxamic acid (-NOH) groups which react with superoxide (Reaction 17 and 18) 

and OH• radicals (Reaction 19) leading to the generation of OH• and H2O2 radicals, 

respectively.  

 

O2
•- + Df- → H2O2 + DfNO•   (Reaction 17) 

 

O2
•- + H+ → HO2

•    (Reaction 18) 

 

HO2
• + DfNO- → H2O2 + DfNO•   (Reaction 19) 

 

These NO• radicals can react further with O2
•- creating reactive peroxynitrite 

(ONOO-) radicals which would be detected by the H2DCFDA dye intracellularly.  

DNA is the genetic code of life. 

The chemical basis for the effects of 

radicals on DNA is probably due to 

oxidation and chemical modifications of 

the bases. Such point mutations, if 

transcripted and translated, will lead to 

modified protein structures and altered 

functionality finally leading to diseases. 

One of the major products of free radical 

attack is the formation of 8-OHdG 

adducts. Therefore, the detection of 

oxidative DNA damage by analyzing 

DNA adducts is another important 

parameter. Among all these base 

adducts 8-OHdG is the most studied one 

because of its highly mutagenic nature 

(it base pairs relatively well with 

adenine) (Orren, 2005).  

In our study we found that both 

2H+ 

Figure 45 – Cell cycle checkpoints 
following DNA damage in a cell.  
Green represents – Down-regulation 
Figure adapted from Fernàndez et al. 
(2005) 

2H+ 
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TiO2 nanoparticles and hematite fine particles were capable of generating 8-OHdG 

adducts in the IMR-90 cells following their exposure for 24 h. Generation of 8-OHdG 

adducts by the hematite fine and TiO2 nanoparticles can be related to the high 

generation of intracellular ROS as had been detected with the H2DCFDA dye assay. 

Gurr et al. (2005) have found TiO2 nanoparticles to induce generation of hydrogen 

peroxide and nitric oxide leading to lipid peroxidation and oxidative DNA damage in 

BEAS-2B cells. In addition to the indirect generation of 8-OHdG by causing oxidative 

stress hematite fine particle can also react directly with the DNA radical leading to the 

generation of DNA adducts (Reaction 4, page 13) (Henle et al., 1997). 

The other particles did not generate any 8-OHdG adducts, at all the 

concentrations and the time points measured. However, it might be possible that the 

particles generated oxidative stress which again formed other types of DNA adducts. 

Henle et al. (1997) have stated that an attack by the OH• radicals on the DNA bases 

can generate 50 different base alterations. Since, this assay was designed only to 

detect 8-OHdG adducts by using specific antibodies no other adduct would be 

detected. Another possibility for the negative result can only be due to interferences 

from the particle themselves. The presence of a significant surface charge on the 

particles can interfere with the negatively charged 8-OHdG nucleotides causing them 

to adhere to the particle surface (Kumar et al., 2007).  

 

4.6 Up-regulation of genetic damage repair mechanis ms after particle exposure  

 

The analysis of DNA damage repair signalling in IMR-90 cells demonstrated a 

high up-regulation of genes that directed specifically towards apoptosis and oxidative 

DNA base damage repair.  

The delays that cells experience in G1, S or G2 phases of the cell cycle after 

DNA damage are called DNA integrity checkpoints. The cell cycle is dependent upon 

4 major kinases (ATM, ATR and CHEK family). In IMR-90 cells, on exposure to both 

types of hematite (fine and nanosize) and arsenopyrite ash particles we found an up-

regulation of the major cell cycle control gene ATM (Ataxia telangiectasis mutated 

gene) and only in the case of hematite and arsenopyrite ash particles exposure an 

up-regulation of the ATR gene up-regulation. The proteins encoded by both of these 

genes belong to the phosphatidylinositol kinase-related kinase (PIKK) family.  
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ATM genes are involved in the production of a single protein with a high 

molecular weight of 370-kDa predominantly confined to the nucleus of human 

fibroblasts. Under normal conditions, ATM protein levels and localization remain 

constant throughout all stages of the cell cycle (Brown et al., 1997). The involvement 

of ATM in both up-regulation of p53 and other molecular machinery required for 

chromosomal exchange has been demonstrated by Hawley and Friend (1996). An 

enhanced phosphorylation of p53 by ATM in response to DNA damage has been 

observed by Banin et al. (1998) and Canman et al. (1998). Involvement of ATM in the 

phosphorylation of BRCA1 gene has been demonstrated by Cortez et al. (1999). It 

can be therefore concluded that phosphorylation might play a critical role in the 

response to DNA double-strand breaks.  

Wang et al. (2000) have found that the BRCA1 gene is part of a large 

multisubunit protein complex of tumour suppressors, DNA damage sensors, and 

signal transducers. They named this complex BASC for 'BRCA1-associated genome 

surveillance complex.' Other members of this complex were ATM, MSH2, MLH1, and 

the RAD50-MRE11-NBS1 complex. The BASC complex may therefore serve as a 

sensor for abnormal DNA structures or as a regulator for post-replication repair 

processes. Involvement of ATM in the phosphorylation of NBS1 has been directly 

related to the DNA damage repair response at the S phase checkpoint by Zhao et al. 

(2000). 

ATR genes, similar to the ATM genes, have also been found to be involved in 

the detection of DNA damage, the controlling of cell cycle progression, and the DNA 

recombination (Cimprich et al., 1996; Enoch et al., 1995). The proteins coded by ATR 

and ATM genes, together as well as individually, have been found to be very 

important cell cycle checkpoint kinases that phosphorylate and regulate a wide 

variety of downstream proteins, including the tumour suppressor proteins TP53 and 

BRCA1, the checkpoint kinases CHEK1 and CHEK2, the checkpoint proteins RAD17 

and RAD9A, and the DNA repair protein NBS1.  

Bao et al. (2001) have found a direct regulatory linkage between RAD17 and 

the checkpoint kinases encoded by the ATM and ATR genes. Treatment of human 

cells with genotoxic agents induced ATM/ATR-dependent phosphorylation of RAD17 

at serine-635 and serine-645. Over-expression of a RAD17 mutant bearing alanine 

substitutions at both phosphorylation sites abrogated the DNA damage-induced G2-
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checkpoint and sensitized human fibroblasts to genotoxic stress. In contrast to wild-

type RAD17, the RAD17 mutant showed no ionizing radiation-inducible association 

with RAD1, a component of the RAD1-RAD9A-HUS1 checkpoint complex. These 

findings demonstrated that the ATR/ATM-dependent phosphorylation of RAD17 is a 

critical early event during checkpoint signalling in DNA-damaged cells. In the present 

study, all the proposed genes regulating apoptosis were found to be up-regulated, 

namely ATM, TP53, BRCA1, ABL1, CHEK1 (in hematite and arsenopyrite ash 

particles), and CHEK2 along with 5 other apoptosis regulating genes.  

CHEK2 has been found to stabilize TP53, a key player in regulating the 

prolonged G1 arrest checkpoint. Bell et al. (1999) have identified CHEK2 as the gene 

implicated in a small number of families with the cancer predisposition Li-Fraumeni 

syndrome and having germ line mutations in TP53. Kumar et al. (2007) have found 

that mouse cells deficient in CHEK2 had lost both TP53-dependent responses (such 

as apoptosis) and TP53-independent responses (such as the G2 damage 

checkpoint). 

The ABL1 (v-abl Abelson murine leukemia viral oncogene homolog-1) gene is 

considered to be a proto-oncogene encoding for cytoplasmic and nuclear tyrosine 

kinase proteins related to cell division and adhesion (Bell et al., 1999). This gene has 

also been found to encode a protein that binds to p73 forming a component for the 

mismatch repair-dependent apoptosis pathway. This gene was found to be over-

expressed in the IMR-90 cells after exposure to all particles. The highest activity of 

this ABL1 gene was found in the cells exposed to the arsenopyrite ash particles 

which were twofold higher compared to the control (untreated cell).  

Other genes expressed in the IMR-90 cells following particle exposure were 

found to encode for proteins involved in the identification and repair of damaged DNA 

sites. The high expression of these genes pointed towards a stress-related DNA 

damage that occurred within the 48 h time point of particle exposure to the cells. The 

repair mechanisms that were found to be activated in the particle exposed cells were 

base excision repair, double-stranded break repair, mismatch repair and removal of 

oxidative-stress induced base adducts. 

Base excision repair in a cell is manifested through a DNA glycosylase which 

recognises the damaged base and cleaves its glycolic bond. In the IMR-90 cells 

exposed to gypsum and hematite fine particles, 5 and 4 DNA glycosylase genes, 
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respectively, were found up-regulated. Of these two important DNA-glycosylase 

genes up-regulated in the IMR-90 cells following gypsum particle exposure were 

MPG (Methyladenine DNA Glycosylase) and UNG (Uracil-DNA Glycosylase), both 

are involved in the removal of damaged purine bases that might lead to a conversion 

of AT↔ GC.  

Genes involved in the non-homologous type of double-stranded break repair 

mechanism were found to be up-regulated in the IMR-90 cells exposed to the 

hematite fine and gypsum particles. These genes were RAD50, RAD21, FEN1, 

MRE11A, and XRCC6. All these genes were required in the non-homologous DNA 

repair mechanism forming different complexes between the proteins they encode for 

the activation of the repair function (Paullan and Gellert, 1998; Lin et al., 2007).  

DNA mismatch repair is a system for recognizing and repairing erroneous 

insertion, deletion and misincorporation of bases that can arise during DNA 

replication and recombination as-well as for repairing some forms of DNA damage 

(Joseph et al., 2006). An up-regulation of the TREX1 (3-Prime repair exonuclease1) 

gene in the IMR-90 cells exposed to arsenopyrite ash particles was observed. This 

gene is involved in the mismatch repair of the cells by encoding a major 3'->5' DNA 

exonuclease enzyme. This protein is a non-processive exonuclease that has a 

proofreading function for a human DNA polymerase. Two mismatch repair genes 

MLH1 and MSH2 were found up-regulated in the IMR-90 cells following exposure to 

all three types of particles. These genes encode proteins involved in the removal of 

oxidized DNA bases, specially of 8-OHdG.  

Two genes that are directly involved in the repair of oxidative DNA adducts 

were found to be over-expressed in the IMR-90 cells exposed to hematite fine, 

gypsum and arsenopyrite ash particles. Of these, NTHL1 (Endonuclease III) was 

found activated in the cells exposed to hematite fine and gypsum particles, while 

OGG1 (8-Hydroxyguanine DNA glycosylase) was found over-expressed in the cells 

exposed to arsenopyrite ash particles. Both these genes are involved in the removal 

of apurinic and apyrimidinic sites. NTHL1 encodes a 34.3 kDa exonuclease enzyme 

involved in the removal of 8-oxoguanine from 8-oxoguanine/guanine mispairs in DNA 

occurring due to oxidative DNA damage (O’Brien et al., 2003) along with 5-

formyluracil, 5-hydroxymethyluracil and thymine glycol in human cells (van Gent and 

van der Burg, 2007). OGG1 on the other hand is a DNA glycosylase gene similar to 
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the MPG and UNG genes, but is solely involved in the repair of 8-OHdGs. The 

protein encoded by this gene has a molecular weight of 47 kDa. Polymorphism in this 

gene has been related to the formation of cancers following oxidative DNA damages 

(Wu et al., 2008).  

Unfortunately, owing to a considerable loss of mRNA in the cells due to the 

uptake, translocation followed by continuous interference by the hematite 

nanoparticles during cell lysis and mRNA extraction, no data could be retrieved from 

the IMR-90 cells exposed to these nanoparticles.  
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CONCLUSION 

 The results revealed that the effects from fine and nanoparticles were not solely 

dependent up on their chemical composition but were induced as a cumulative effect 

of all their physico-chemical properties. Furthermore, the toxic effects were also 

dependent upon the type of cells exposed to these particles. Based upon the uptake 

study, it was found that both the fine and nanoparticles were taken up by the lung 

epithelial cells using different methods such as filopodia assisted phagocytosis, 

micropinocytosis and endocytosis in coated pits. While all the particles were found 

capable of reaching the peri-nuclear region enclosed within an ER, the nanoparticles 

demonstrated a potential to translocate into the cytoplasm of cells enclosed within a 

vesicle or directly passing through the intracellular membrane.  

 Assessment of the toxic potential of different fine and nanoparticles 

demonstrated that even though particles such as hematite fine and nanosized had a 

similar chemical composition. The nanoparticles were more cyto- and genotoxic 

compared to their finer counterpart. The DQ12 particles were found to be cyto- and 

genotoxic compared to the TiO2 nanoparticles that were found to be non-toxic to the 

lung cells epithelial cells and showed an effect only in the lung fibroblast cells.  

 Similarly, through the acellular ROS generation assay it was observed that the 

nanoparticles did not generate significant amount of acellular ROS following a 

reaction with H2O2 in contrast to the fine particles. However, the positive charge of 

hematite was found to get activated following a pre-treatment with reducing agent 

and resorted to the generation of highest amount of ROS thereafter as a reaction 

with the H2O2. However, the TiO2 nanoparticles were found unaltered in their 

generation of acellular ROS. This demonstrated an importance of the surface area 

charge and chemical composition of nanoparticles. However, compared to the 

acellular ROS generation by the hematite nanoparticle they were found to generate 

relatively low amount of intracellular ROS and at longer exposure time as compared 

to the fine particles and the TiO2 nanoparticles, which produced the highest amount 

of ROS inside the cells.  

 Furthermore, the TiO2 nanoparticles were found to produce the highest amount 

of 8-OHdG adducts as compared to the other particles. The microarray analysis of 

the cells exposed to the fine hematite particles demonstrated induction of genomic 

instability which was several fold high compared to the control cells and led to an 
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activation of the DNA damage repair and apoptotic mechanisms. Genes that 

represented the base excision and mismatch repair pathways were specially found to 

be up-regulated along with the genes responsible for apoptotic cell death. 

Arsenopyrite ash particles produced as a residue from a company contained 

particles between the size of PM2.5 and PM0.1. Chemically they were same as the 

hematite particles, but were also found to contain several other elements in high 

percentage. These particles were found to be generating very low toxic effects along 

with intracellular ROS generation inside the lung cells exposed to them. However, 

they were found capable of generating significant amount of acellular ROS similar to 

the hematite fine and nanoparticles after a pre-treatment of reductant and following a 

direct oxidation with H2O2. These particles were also found to be significantly up-

regulating the expression of apoptotic and DNA damage repair genes similar to the 

hematite fine particles.  

We conclude from this study that a simple variation in one of the physico-

chemical properties of particles such as size can drastically alter their capabilities to 

react within a biological system. While, DQ12 is well known for its toxicity, it was 

interesting to find the TiO2 nanoparticles capable of generating high amount of 

intracellular ROS and induction of 8-OHdG DNA adducts in the cells. Both, Fe(III) 

containing fine and nanoparticles demonstrated a significant difference in their mode 

of action within the cellular system and the smaller nanoparticles were found to 

induce higher cyto- and genotoxic effect. It can be further stated that the positively 

charged nanoparticles need special reducing conditions to get activated which they 

can easily find inside the cytoplasm of the cell following their direct translocation 

causing their toxicity to increase several folds higher compared to that of fine 

particles.  

Finally, iron-containing particles cannot be considered to be safe due to their 

capability to generate ROS and to cause cyto- and genotoxicity along with their ability 

to cause genomic instability which is an important finding owing to the fact that there 

is an increased usage of these nanoparticles with the advancements in 

nanotechnology in medical applications such as magnetic resonance imaging and 

cancer cell drug targeting.  
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5. SUMMARY 

Epidemiological studies have repeatedly reported a positive correlation 

between the level of particulate air pollution and increased morbidity and mortality 

rates in both adults and children. The fraction of nanoparticles in the ambient air has 

been hypothesized to be more toxic than the fraction of larger size particles. The aim 

of the present study was to investigate the toxicological effects of both fine particles 

and nanoparticles.  

The entire study can be summarized as follows -  

• The toxic effects of particles are not only dependent upon their physico-chemical 

composition but also on the type of cells that are exposed to them. We found that 

lung epithelial cells had a higher tolerance against the induction of cyto- and 

genotoxicity resulting from the particulate insult than lung fibroblasts. 

• Both fine and nanoparticles were found to be taken up by the BEAS-2B cells 

using filopodia. Different mechanisms of uptake were observed in the cells such 

as filopodia-assisted phagocytosis, micropinocytosis, and endocytosis in coated 

pits. But only nanoparticles were found capable of translocating directly through 

the intracellular membrane of ER into the cytoplasm of the cell. This translocation 

through the cell membrane is dependent upon the size of the nanoparticles which 

allows them to penetrate through the membrane pore channels. The presence of 

a positive charge on the surface is also important, as it is responsible for the 

interaction between the hydrophobic (negatively charged) membrane proteins and 

the particles.  

• The Fe(III) nanoparticles were found to be more cyto- and genotoxic compared to 

the Fe(III) fine, DQ12 fine and TiO2 nanoparticles. Owing to the capability of the 

Fe(III) nanoparticles to penetrate into the cytoplasm of the cells the cyto- and 

genotoxic effect from the hematite nanoparticles can occur through a direct 

reaction of the biomolecules on the surface of the cells with Fe(III) ions present on 

the particle surface.  It was also found that the effects were mostly confined to the 

concentrations beyond 10 µg/cm² and the 24 h time point. At longer time periods 

activation of mechanism related to the DNA repair and apoptosis reduced the 

number of affected cells.  
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• Acellular ROS generation by the nanoparticles was found to be negligible under 

an oxidizing condition due to the possible agglomeration of the particles. 

However, when they were treated with a reducing agent, hematite nanoparticles 

were found to generate a high amount of ROS. In the fine particles, all of them were 

capable of generating acellular ROS under oxidizing conditions. But when they were 

also treated with reducing agent (ascorbic acid) hematite fine particles generated a 

high quantity of ROS for a very short time, while arsenopyrite ash particles generated 

high amount of ROS continuously. On the other hand, such a treatment was found to 

have no affect on the quantity of ROS being generated by the DQ12 fine and TiO2 

nanoparticles. Treatment with whole cell lysate also led to a significant generation of 

acellular ROS by the hematite nanosize and arsenopyrite ash particles, whereas, 

hematite fine, DQ12 fine and TiO2 nanoparticles generated very low quantities of 

acellular ROS due to a possible coating of the particles with native proteins. 

• Intracellularly, TiO2 nanoparticles induced the highest amount of ROS generation, 

followed by the hematite and DQ12 fine particles. Arsenopyrite ash and hematite 

nanoparticles failed to induce significant amounts of intracellular ROS. Treatment 

with an iron chelator resulted only in a minor reduction in the generation of 

intracellular ROS. In most of the cases the iron chelator itself led to 

overgeneration of ROS.    

• Overexpression of intracellular ROS by the cells exposed to hematite fine and 

TiO2 nanoparticles lead to the generation of DNA adducts. The result 

demonstrated that even though TiO2 nanoparticles were found to be non-cyto- 

and genotoxic, they had a very high potential of causing point mutations inside 

the cells.  

• The particles led to an oxidative-stress related induction of genomic instability that 

was visible from the activation of the DNA damage repair and apoptotic 

mechanisms. The DNA damage repair mechanisms were found to be specifically 

involved in the removal of DNA adducts in base excision and mismatch repair. 

Genes coding for proteins directly involved in the removal of oxidized guanine 

bases (8-OHdG) were found to be active in the cells exposed to hematite fine and 

arsenopyrite ash particles.  
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• The high expression of genes controlling cell cycle checkpoints and apoptosis 

demonstrated an up-regulation in the apoptotic activity of the cells after exposure 

to fine particles. 

 

In conclusion, the results demonstrate that nanoparticles are more toxic than 

fine particles, even if they have the same chemical composition. The toxicity of a 

particle within a single cellular system is dependent on several properties including 

shape, size, chemical composition, and surface charge along with the intrinsic 

biological pathways activated in a cell following their uptake.  

The higher toxicity by nanoparticles compared to fine particles having the 

same chemical composition is due to the higher density of surface molecules 

presenting them with a higher surface charge and a larger surface area to react. A 

Fe(III) nanoparticle behaves like a catalyst providing the space and the proper 

environment for the biomolecules to react with oxidizing elements.  

Due to the special properties nanoparticles retain. Their utilization will increase 

leading to the advancement of nanotechnology in almost every industrial sector. In 

view of the potential toxic effects of these particles it must be recommended, that 

special care should be taken during their production to minimize the exposure of  

workers. Special emphasis should be laid on the charge and intracellular retention 

properties when nanoparticles are used for medical purposes such as thermal 

imaging and cancer drug targeting. This recommendation should be specially 

implemented for the poorly soluble nanoparticles made out of inorganic compounds 

such as the iron-containing nanoparticles. 
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Table 1: Chart for dosage calculation from stock solution 
 

 
 
 

Stock 
solution*. 
[mg/ml] 

Area of cell culture flask [cm 2] 

5 150 75 25 12.5 9.62 

Final 
concentratio

n [µg/cm 2] 

Absolut
e in 

culture 
[µg] 

Applie
d 

Volum
e [µl] 

Absolut
e in 

culture 
[µg] 

Applie
d 

Volum
e [µl] 

Absolut
e in 

culture 
[µg] 

Applie
d 

Volum
e [µl] 

Absolut
e  in 

culture 
[µg] 

Applied 
Volume 

[µl] 

Absolut
e in 

culture 
[µg] 

Applie
d 

Volum
e [µl] 

500 75000 15000 37500 7500 12500 2500 6250 1250 4810 962 

50 7500 1500 3750 750 1250 250 625 125 481 96.2 

10 1500 300 750 150 250 50 125 25 96.2 19.24 

5 750 150 375 75 125 25 62.5 12.5 48.1 9.62 

2 300 60 150 30 50 10 25 5 19.24 3.84 

*in 0.9% NaCl/ PBS 
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Appendix 2  
 

Table 2: List of chemicals used 
 

Name Source (Supplier/Company) 

1,10- Phenanthroline Chloride Merck 

2- Propanol Sigma 

2,7 Dihydrodichloroflurescein diacetate Invitrogen 

5,5-dimethylpyrroline-N-oxide (DMPO) Sigma 

Acrodisc 45-mm syringe filter Pall Gelman Laboratory 

Active Coal Merck 

Ammonium Acetate Merck 

Ammonium Carbonate Sigma 

Annexin V – FITC Beckman Coulter GmbH 

Arsenic (III) oxide Sigma Aldrich 

Arsenopyrite Ash /Cinder Süd Chemie GmbH. Germany 

Ascorbic Acid Sigma 

Defined – KSFM Gibco 

Defined – KSFM (Epithelial Growth 
Supplement) 

Gibco 

DMSO Fluka 

Earl’s Modified Eagle Medium C-C Pro GmbH 

EDTA Fluka 

Ethanol Riedel De Hään 

Ethylene glycol tetra acetic acid (EGTA) Sigma 

Fetal Bovine Serum Gibco 

Gelatine Sigma 

Gelbond Film Cambrel 

Gentamycin C-C Pro GmbH 

Glacial Acetic Acid Sigma 

Glutaraldehyde EMS. Hatfield. USA 

Glycine Sigma 

Haemocytometer Neubauer 

Hank’s Buffered Salt Solution Gibco 

HEPES C-C Pro GmbH 

Highly Sensitive 8-OHdG check ELISA kit Gentaur 
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Hydrochloric Acid Sigma 

Hydrogen Peroxide Sigma 

Hydroxyammonium Chloride Merck 

L-Glutamine C-C Pro GmbH 

Low Melting Agarose Amersham Biosciences 

Magnesium Chloride Sigma 

Methyl Cellulose Sigma 

N- Laurysarcosine Sigma 

Nitric Acid Sigma 

Non-essential Amino acid C-C Pro GmbH 

Nuclease P1 Sigma 

Paraformaldehyde (EM Grade) EMS. Hatfield. USA 

Phosphate Buffer Solution Invitrogen 

Piperazine-N-bis(2-ethanesulfonic acid) GFS Chemicals. USA 

Potassium Peroxodisulfate Merck 

Propidium Iodide Sigma 

Protein Assay Kit Bio-Rad Laboratories 

Proteinase K Sigma 

RNAse A Sigma 

Sodium Chloride Sigma 

Sodium Hydroxide Sigma 

Sodium Iodide Sigma 

Sodium Pyruvate C-C Pro GmbH 

Sucrose Sigma 

SYBR Green I Nucleic Acid Stain Fluka 

Titanium Dioxide Degussa GmbH. Germany 

Tris – HCl Merck 

Triton X Merck 

Trypan Blue Fluka 

Trypsin – EDTA C-C Pro GmbH 

Trypsin Neutralizing Solution Promo Cell GmbH 
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Appendix 3  
 
Table List of instruments used 

 
CO2 Incubator  Forma Scientific 

Platform Model  TSI Inc. (Model No: 3080) 

Scanning Mobility Particle Sizer  TSI Inc. (Model: 3936) 

Differential Mobility Analyzer   TSI Inc. (Model: 3081) 

Condensation Particle Sizer  TSI Inc. (Model: 3786) 

Aerodynamic Particle Sizer TSI Inc. (Model: 3321) 
Scanning Electron Microscope LEO 1530 Gemini instrument. 
HPLC Column Hamilton (Model: PRP-X-100) 

ICP-MS Agilent Technologies. Germany (Model : 
Agilent 7500a) 

MilliQ Elix & RiOs System Millipore 

Unicam UV/Vis Spectrometer ATI Unicam 
Ultracut UCT cryotome Leica Microsystem. Germany 
Cryotrim 45º Diamond Knife Diatome. Hatield. USA 
Transmission Electron Microscope Zeiss (Model: EM10) 
Leica Fluorescence Microscope Leica (Model: DMLS) 
Comet Assay IV software Perspective Instruments 
Incubator with the Greiner/ Falcon tube 
part inserted 

Biometra 

EPR spectrometer Magnettech. Germany  
(Model: Miniscope MS 100) 

FACS Calibur Becton Dickinson 
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 Appendix 4  
 

1. Determination of Fe (III) concentration in the p articles  

� Stock Solutions – 

o Iron Standard Stock Solution– 20 mg of FeCl3.6H2O in 1 l of MilliQ 

H2O. 

o Iron Standard Solutions –  

Standards 

(mg/ml) 

Stock 

Solution 

(ml) 

MilliQ H 2O 

(ml) 

1 5 95 

2 10 90 

3 15 85 

4 20 80 

5 25 75 

 

o Potassium Peroxodisulphate – 4 g in 100 ml MilliQ H2O. 

o Ammonium Acetate - 40 g in 50 ml of Glacial Acetic Acid and final 

volume adjusted to 100 ml with MilliQ H2O. 

o 1.10 Phenanthroline Chloride - 0.5 g in 100 ml of MilliQ H2O. 

o Hydroxyl Ammonium Chloride – 10 g in 100 ml of MilliQ H2O. 

o Aqua Regia - 65% HNO3 and 25% HCl. 

 

2. Transmission Electron Microscopy for studying th e uptake of the particles  

o 4% Paraformaldehyde – 4 ml of Paraformaldehyde in 100 ml of 

MilliQ H2O2. 

o 0.1% Glutaraldehyde – 100 µl of Glutaraldehyde in 100 ml of MilliQ 

H2O2. 

o 0.1M PHEM buffer – 60 mM piperazine-N-bis (2-ethanesulfonic 

acid), 20 mM HEPES, 2 mM MgCl2, 10 mM ethylene glycol tetra-

acetic acid. 

 

3.  Genotoxicity test (Comet assay ) 

o 1M EDTA solution (pH10) – 37.2 g EDTA dissolved in 1 l aqua bidest. 

o 1M EDTA solution (pH 8) – 37.2 g EDTA dissolved in 1 l aqua bidest. 
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o 1 M NaOH solution  - 40 g NaOH dissolved in 1 l aqua bidest. 

o 1M Tris solution  - 157.6 g Tris.HCl dissolved in 1 l aqua bidest. 

o 1 lt Electrophoresis solution (pH 12.7) - Mix 300 ml NaOH (1M), 1 ml 

of 1M EDTA (pH10) and 1M Tris.HCl. Make the final volume 1 l. 

o Lysis solution -  

o Solution A – Mix 10 ml of 1M Tris.HCl,  146.1 g of NaCl, 

100 ml 1M EDTA (pH10), 10 g of N-Laurysarcosine and 

make up the final volume to 890 ml. 

o Solution B – Mix 100 ml DMSO with 10 ml of Triton X. 

� For final Solution - mix A and B prior to use: 11 ml A and 

89 ml B. 

o Neutralisation solution  (pH 7.5) -   400 ml of 1M Tris.HCl. 
o SYBR-Green nuclei staining solution - SYBR-Green in TAE buffer 

1:104 

o 50x TAE buffer –  Mix 242 g of Tris.HCl with 57.1 ml of Glacial Acetic 

Acid. 

 

 

3. Acellular / Cellular Reactive Oxygen Species Mea surement (Electron 

Paramagnetic Resonance)  

o Preparation of (DMPO) dye: 

   Materials required- 

- Freshly prepared AAS water. 

- Incubator with the Greiner/ Falcon tube part inserted and prewarmed 

at 35ºC. 

- 15ml Falcon tube wrapped in aluminium foil. 

Procedure – 

 Frozen DMPO is thawed (approx. 1 h) and transferred to an aluminium foil-

covered 15ml tube. 7.5 ml of AAS water is added to it (final volume). Two hundred 

and twenty five mg of active coal (Merck) is added to this DMPO solution and it is 

incubated for 20 min at 35ºC in the incubator with a special rotating attachment for 

the Falcon tube. The whole solution is then centrifuged for 10 min at 3000 rpm (RT) 

and the supernatant is filtered through a 0.2 µm syringe filter and transfer to a fresh 

Falcon tube. 
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 To measure the concentrations of DMPO take 3 readings at 234 nm absorbance 

after diluting the DMPO solution 10.000x (prepare 2 eppendorf tubes with 990µl AAS. 

transfer 10 µl DMPO solution into the first one, vortex, then transfer 10 µl from the 

diluted DMPO solution into the second eppendorf tubes), vortex. To calculate the 

molarity of DMPO use the formula  

 

 

 

 

 Values between 0.95 and 1.05 M are acceptable; if the concentration is too high 

it has been adjusted using AAS water. Aliquots of the prepared DMPO are frozen in 

eppendorf tubes at -20ºC. 

o Preparation of Hypotonic Solution: 

 Mix 10 mM HEPES (pH 7.5), 5 mM KCl, 1.5 mM MgCl2, 0.2 mM PMSF and 0.5 

mM DTT.  

Bradford Technique - Test Samples

0,9000

0,9100

0,9200

0,9300

0,9400

0,9500

0,9600

0,9700

50 100 200 250 300

Standards

A
bs

or
ba

nc
e 

59
5 

nm

 

Figure 46 – Bradford analysis for protein estimation in whole cell lysate.  
 
4. Cellular Reactive Oxygen Species Measurement (2' , 7’ 

Dihydrodichlorofluoresceine diacetate)  

o Stock Solution -  Measure 1.2 mg of H2DCFDA powder and dissolve 

in 25 µl of DMSO and make the final volume of this to 25 ml (100µM 

concentration of H2DCFDA). 

Molarity = Absorption at 234nm x 10.000  

    7700 
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o Working Solution -  Take 100 µl in 1 ml of PBS / HBSS (10 µM 

concentration). 

 

5.    8-Hydroxy-2-deoxyguanosine (8-OHdG) Detection   

o Cell Lysis Solution – Mix 1% Triton X, 0.32 M Sucrose, 5 mM MgCl2, 

10 mM Tris- HCl (pH 7.5). 

o Enzyme Reaction Buffer – Mix 1% SDS, 5 mM EDTA-Na2, 10 mM Tris 

HCl (pH 7.5).  

o RNAse A (Stock Solution) – Dissolve 20 µg/ml. 

o Proteinase K – Dissolve 17 mg/ml.  

o Sodium Iodide Solution – Mix 7.6 M Sodium Iodide, 20 mM EDTA-

Na2 and 40 mM Tris-HCl.  

o Tris - EDTA Buffer – Mix 10 mM Tris HCl (pH 7.5), 1 mM EDTA and 

make the final volume 1 l with MilliQ H2O. 
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Figure 47 – Year wise analysis of As2O3 content in the arsenopyrite ash particle samples using atomic absorption spectrometry 
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Appendix 6  
 
Table 1: Cytotoxicity analysis in IMR-90 cells using Trypan blue assay 
 

IMR-90 cells 

Hematite (Fine particles)  24 h 48 h 72 h 
Control 92 81 ± 2.1 81 ±1.4 

2 µg/cm 2 73 ± 5.4 70 ± 9.19 - 

5 µg/cm 2 68 ± 8.9 64 ± 7.2 - 
10 µg/cm 2 70 ± 3.5 73 ± 3.5 50 
50 µg/cm 2 69 ± 1 55 53 

    
Hematite (Nanoparticles)  24 h 48 h 72 h 

Control 92 81 ± 2.1 81 ±1.4 
2 µg/cm 2 82 ± 3.4 76 ± 14.7 - 

5 µg/cm 2 74 ± 1.1 64 ± 13.3 - 
10 µg/cm 2 60 ± 1.4 75 ± 2.8 58 ± 4.2 
50 µg/cm 2 40 75 ± 3.8 44 

    
Titanium dioxide 
(Nanoparticles) 24 h 48 h 72 h 

Control 96 97 ± 2.3 92 ± 2.4 
2 µg/cm 2 90 ±5.9 94 ± 4.1 91 ± 1.8 

5 µg/cm 2 87 94 ± 2.5 76 ± 9.7 
10 µg/cm 2 82 ± 6.4 88 57 ± 6.4 
50 µg/cm 2 58 ± 3 89 ± 1 33 

    
DQ12 (Fine particles) 24 h 48 h 72 h 

Control 92 81 ± 2.1 81 ±1.4 
2 µg/cm 2 69 ± 2.3 69 ± 2.1 - 

5 µg/cm 2 74 ± 10.1 78 ± 9 - 

10 µg/cm 2 83 ± 2.3 51 ± 0.2 57 ± 1.6 
50 µg/cm 2 83 ± 2.6 54 ± 1.8 35 ± 2.5 

    
Arsenopyrite ash 

particles  24 h 48 h 72 h 

Control 92 81 ± 2.1 81 ±1.4 
2 µg/cm 2 74 ± 5.1 69 ± 5.4 - 

5 µg/cm 2 80 ± 6.4 68 ± 7.9 - 
10 µg/cm 2 69 ± 2 68 ± 1 57 
50 µg/cm 2 70 51 ± 0.3 46 ± 1.9 
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Table 2: Cytotoxicity analysis in BEAS-2B cells using Trypan blue assay 
 

BEAS-2B cells 

Hematite (Fine particles)  24 h 48 h 72 h 
Control 93 ± 1 86 ± 2.4 79 ± 1.4 

2 µg/cm 2 84 ± 3.7 74 ± 17.7 - 

5 µg/cm 2 83 ± 10 67 ± 9.6 - 
10 µg/cm 2 72 57 ± 5.3 69 ± 2.1 
50 µg/cm 2 71 ± 2 51 ± 5.7 63 ± 17.3 

    
Hematite (Nanoparticles)  24 h 48 h 72 h 

Control 92 ± 1 86 ± 2 79 
2 µg/cm 2 90 67± 2 - 

5 µg/cm² 88 75 - 
10 µg/cm² 81 ± 2 77 ± 5 68 ± 3 
50 µg/cm² 63 ± 3 66 63 ± 3.9 

    
Titanium dioxide 
(Nanoparticles) 24 h 48 h 72 h 

Control 97 99 99 ± 0.2 
2 µg/cm² 96 98 93 ± 7.4 

5 µg/cm² 97 ± 2 97 ± 1.2 98 
10 µg/cm² 96 94 ± 3.6 98 
50 µg/cm² 89 ± 4 91 ± 4.2 95 ± 1.6 

    
DQ12 (Fine particles) 24 h 48 h 72 h 

Control 92.7 ± 1 86 ± 2.5 79 ± 1.4 
2 µg/cm² 72.8 ± 11 77 ± 4.5 - 

5 µg/cm² 62.8 ± 6 7 ± 5.5 - 

10 µg/cm² 79.00 ± 11 62 ± 5.7 65 ± 2.8 
50 µg/cm² 68.75 60 ± 7.4 43 

    
Arsenopyrite ash 

particles 24 h 48 h 72 h 

Control 93 ± 1 86 ± 2.5 79 ± 1.4 
2 µg/cm² 77 ± 5 67.9 ± 33 - 

5 µg/cm² 65 ± 2.1 68 ± 8 - 
10 µg/cm² 75 ± 4.9 65 ± 1.7 61 
50 µg/cm² 51 50 ± 5 51 ± 5.7 



 

 

A
ppendix 7

 
 

 
Table 1: Olive tail moment being produced by the IMR-90 cells after exposure to different particles and analyzed by comet assay 
 

IMR -90 cells Control 2 µg/cm² 5 µg/cm² 10 µg/cm² 5 0 µg/cm² 
Hematite fine 

particle 
     

24 h 1.1 1.6 ±0.4 2.2 ± 0.7 7.59 ± 0.28 6.58 ± 0.11 
48 h 1.2 0.8 0.64 ± 0.08 0.95 ± 0.05 0.92 ± 0.04 
72 h 1 3.8 ± 0.2 3.36 ± 0.10 2.38 ± 0.07 2.81 ± 0.24 

 
Hematite 

nanoparticle      
24 h 1.12  3.14 ± 0.17 2.25 ± 0.58 12.21 ± 0.12 9.43 ± 0 .8 
48 h 1.17 1.01 ± 0.01 1.19 ± 0.01 1.38 ± 0.07 1.42 ± 0.3   
72 h 1.08 1.4 ± 0.02 1.0 ± 0.02 1.54 ± 0.01 0.72 ± 0.16 

 
Titanium dioxide 

nanoparticle      
24 h 1.1  0.22 ± 0.06 0.26 ± 0.03 0.36 ± 0.15 0.23 ± 0.0 1 
48 h 0.12 0.07 ± 0.01 0.12 ± 0.02 0.10 0.119 
72 h 0.10 0.11 ± 0.04 0.15 ± 0.01 0.17 ± 0.02 0.26 ± 0.0 1 

 
DQ12      
24 h 1.12  1.46 ± 0.4 1.44 ± 0.3 6.3 ± 0.1 5.43 ± 1.2 
48 h 1.17  0.87  1.04 ± 0.1 1.01 ± 0.1 0.94  
72 h 1.08  1.19  1.21 ± 0.1 1.04 ± 0.1 0.59 ± 0.1 

      
Arsenopyrite ash      

24 h 1.12  2.49 ± 0.1 1.86 ± 0.3 2.16 ± 0.1 1.88 
48 h 1.17  0.33  0.44 ± 0.1 0.77 ± 0.1 0.65 
72 h 1.08  0.92  1.0 ± 0.2 1.41 ± 0.1 0.17 

 
 Table2: Olive tail moment being produced by the BEAS-2B cells after exposure to different particles and analyzed by comet assay 



 

 

 
BEAS-2B cells Control 2 µg/cm² 5 µg/cm² 10 µg/cm² 50 µg/cm² 
Hematite fine 

particle      
24 h 0.06 0.85 ± 0.3 0.67 ± 0.1 1.13 ± 0.7 0.18 ± 0.1 
48 h 0.23 0.25  0.25  0.29  0.30 
72 h 0.27 ± 0.1 0.48 ± 0.2 0.22  0.22 ± 0.1 0.21 ± 0.1 

 
Hematite 

nanoparticle      
24 h 0.06  0.13 ± 0.1 0.04 0.07  1.16 ± 0.8 
48 h 0.23  0.27 ± 0.1 0.22  0.39 ± 0.1 0.40 ± 0.1 
72 h 0.27 ± 0.1 0.31 0.34 ± 0.1 0.40  0.51 ± 0.5 

 
Titanium dioxide 

nanoparticle      
24 h 0.11  0.1  0.1  0.09  0.11  
48 h 0.14 ± 0.081 0.09  0.16  0.1  0.14 ± 0.1 
72 h 0.12  0.21 ± 0.1 0.14  0.12  0.12 

 
DQ12      
24 h 0.06  0.17 ± 0.1 0.15  0.16  0.24 ± 0.1 
48 h 0.23  0.19 0.20  0.21 ± 0.1 1.19 ± 0.5 
72 h 0.27 ± 0.1 0.35 ± 0.3 0.30  0.33 ± 0.1 0.69 ± 0.3 

      
Arsenopyrite ash      

24 h 0.06 0.05  0.1 0.03 0.1  
48 h 0.23  0.29  0.32  0.27  0.32 ± 0.1 
72 h 0.27 ± 0.1 0.22 ± 0.3 0.31  0.33  0.38 ± 0.3 
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Table 1: Acellular ROS production by the particles after treatment with H2O2 and spin trap –
DMPO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Mean SD 

Blank 0 0 

TiO2 (Nanoparticles) <100nm 747 10 

DQ12 (Fine) <5µm 3327 347 

Hematite (Fine) <5µm 2800 448 

Hematite (Nanoparticles) 
<100nm 

252 0 

Arsenopyrite ash particles 8398 1203 



 

 

Table 2: Acellular ROS measurement with electron paramagnetic resonance (EPR) after treatment of particles with ascorbic acid and H2O2 

treatment 
 
 
 
 

Exposure Time 2 h 4 h 6 h 

Blank  0 0 0 

10 µg/cm 2 1067 2080  ± 280 487  ± 689 Hematite (Fine particles) 
50 µg/cm 2 4040  ±  1085 1663  ± 1020 601  ± 849 

10 µg/cm 2 11049 20242  ± 4398 19053  ± 908 Hematite (Nanoparticles) 
50 µg/cm 2 1040 525   ± 536 4420  ± 685 

10 µg/cm 2 919  ± 333 400  ± 486 649  ± 186 TiO2 (Nanoparticles) 
50 µg/cm 2 891 524  ± 606 840  ± 261 

10 µg/cm 2 26  ± 37 559  ± 512 965  ± 713 DQ12 (Fine particles) 
50 µg/cm 2 3593  ± 1155 3258  ± 908 3575  ±  1809 

10 µg/cm 2 11878  ± 1676 9627  ± 1076 14877  ± 1270 Arsenopyrite ash 
particles 50 µg/cm 2 19063  ± 823 16650  ± 1031 21138  ± 1384 



 

 

Table 3: Acellular ROS measurement with electron paramagnetic resonance (EPR) after treatment of particles with cell lysate and H2O2 

treatment 
 
 

 
 
 
 
 
 
 

Exposure Time 2 h 4 h 6 h 

Blank  0 0 0 

10 µg/cm 2 123 ± 174 570 ± 547 136 ± 70 Hematite (Fine particles) 
50 µg/cm 2 231 251 ± 55 300 ± 239 

10 µg/cm 2 0 4581 ± 532 4190 Hematite (Nanoparticles) 
50 µg/cm 2 11985  ± 4301 3584 ± 2763 8417 ± 2016 

10 µg/cm 2 954 ± 120 751 602 ± 133 TiO2 (Nanoparticles) 
50 µg/cm 2 1017 913 524 ± 59 

10 µg/cm 2 111 ± 68 71 ± 3 56 ± 71 DQ12 (Fine particles) 
50 µg/cm 2 0 206 ± 15 419 

10 µg/cm 2 1648 1685 ± 187 873 ± 231 Arsenopyrite ash 
particles 50 µg/cm 2 4728 ± 1119 2994 ± 136 3321 ± 227 
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Table1: Intracellular ROS measurement with H2DCFDA dye, after treatment with particle only and particle with desferoxamine (Iron 
chelator) treatment 
 

 
Hematite Nanoparticle exposure to the BEAS-2B cells  Particle and desferoxamine 

treatment to the BEAS-2B cells  
Time 1 h 6 h 12 h 24 h 48 h 12 h 24 h 48 h 

Control 15582 ± 
1955 

16545 16845 ± 
2836 

13460 ± 
1130 

15235 ± 
984 

18137 ± 
1278 

14545 ± 
1757 

16626 ± 
1611 

Desferoxamine Control  0 0 0 0 0 20534 ± 
3953 

16174 ± 
590 

12496 ± 
500 

2 µg/cm² 15790 ± 
493 12719 0 0 0 0 0 0 

5 µg/cm² 10643 9161 
22718 ± 

1576 
25968 ± 

153 
25873 ± 

128 18065 
29522 ± 

3614 
30492 ± 

3859 

10 µg/cm² 8480 8148 
24760 ± 

621 
22376 ± 

2677 
25025 ± 

3719 
21239 ± 

2555 
32223 ± 

3295 
32184 ± 

2410 

50 µg/cm² 6832 7480 23439 
11216 ± 

5642 
22690 ± 

9818 
30826 ± 

2055 
33805 ± 

1262 
36363 ± 

308 
 

 



 

 

 
Table 2: Intracellular ROS measurement with H2DCFDA dye, after treatment with particle only and particle with desferoxamine (Iron 
chelator) treatment 
 
 
 

Titanium dioxide nanoparticle exposure to the BEAS- 2B cells Particle and desferoxamine 
treatment to the BEAS-2B cells 

Time 1 h 6 h 12 h 24 h 48 h 12 h 24 h 48 h 

Control 18554 ± 
1933 

12907 ± 
9069 

8820 ± 
4180 

6360 ± 
4718 

5934 ± 
808 

18137 ± 
1278 

14545 
± 1757 

16626 ± 1611 

Desferoxamine Control 0 0 0 0 0 20534 ± 
3953 

16174 
± 590 

12496 ± 500 

2 µg/cm² 23629 ± 
489 

15663 ± 
6594 

10781 
± 5678 

5255 ± 
4073 

7170 ± 
242 

0 0 0 

5 µg/cm² 32598 ± 
1728 

17451 ± 
9084 

13407 
± 1046 

11418 
± 3754 

8828 ± 
909 

4440 ± 
509 

2799 ± 
820 

3775 ± 510 

10 µg/cm² 37143 ± 
1337 

25809 ± 
6775 

20462 
± 992 

22852 
± 1092 

13519 ± 
745 

13032 ± 
1617 

5372 ±  
1197 

7933 ± 1724 

50 µg/cm² 40390 ± 
497 

39672 ± 
6261 

32411 
± 5161 

41147 
± 789 

35401 ± 
3594 

24723 ± 
1319 

30761 
± 1319 

31301 ± 5006 



 

 

 
 
Table 3: Intracellular ROS measurement with H2DCFDA dye, after treatment with particles only and particles with desferoxamine (Iron 
chelator) treatment 
 
 

Hematite fine particle exposure to the BEAS-2B cell s Particle and desferoxamine 
treatment to the BEAS-2B cells 

Time 1 h 6 h 12 h 24 h 48 h 12 h 24 h 48 h 

Control 15582 ± 
1955 

16545 ± 
1205 

16845 ± 
2836 

13460 ± 
1130 

15235 ± 
984 

18137 ± 
1278 

14545 ± 
1757 

16626 ± 
1611 

Desferoxamine Control 0 0 0 0 0 
20534 ± 

3953 
16174 ± 

590 
12496 ± 

500 

2 µg/cm² 30079 ± 
2184 

34825 ± 
128 0 0 0 0 0 0 

5 µg/cm² 35075 ± 
2363 

38717 ± 
3220 

33650 ± 
3652 

27052 ± 
2700 

26455 ± 
3387 

19991 ± 
1117 

25537 ± 
3061 

21108 ± 
405 

10 µg/cm² 35631 ± 
4074 

35934 ± 
2383 

41021 ± 
2765 

16544 ± 
1738 

25112 ± 
8089 

26717 ± 
216 

32506 ± 
1271 

27826 ± 
2073 

50 µg/cm² 34539 ± 
3922 

34621 ± 
2979 

20478 ± 
1503 

24381 ± 
4432 

16451 ± 
2769 

27896 ± 
4881 

31714 ± 
1838 

25085 ± 
5061 

 



 

 

Table 4: Intracellular ROS measurement with H2DCFDA dye, after treatment with particles only and particles with desferoxamine (Iron 
chelator) treatment 
 
 
 

Quartz (DQ12) particle exposure to the BEAS-2B cell s Particle and desferoxamine 
treatment to the BEAS-2B cells  

Time 1 h 6 h 12 h 24 h 48 h 12 h 24 h 48 h 

Control 15582 ± 
1955 

16545 ± 
1205 

16845 ± 
2836 

13460 ± 
1130 

15235 ± 
984 

18137 ± 
1278 

14545 ± 
1759 

16626 ± 
1611 

Desferoxamine Control  0 0 0 0 0 20534 ± 
3953 

16174 12496 ± 
500 

2 µg/cm² 26085 ± 
1980 

25146 ± 
5190 

0 0 0 0 0 0 

5 µg/cm² 28090 ± 
246 

32070 ± 
4470 

26908 ± 
10140 

28211 ± 
1100 

28290 ± 
5911 

11541 ± 
856 

15620 ± 
4005 

14449 ± 
728 

10 µg/cm² 28612 ± 
578 

26230 ± 
6739 

37290 ± 
72282 

26433 ± 
2031 

32514 ± 
5544 

21482 ± 
1282 

23873 ± 
2650 

20551 ± 
3802 

50 µg/cm² 17334 ± 
589 

20363 ± 
4584 

35943 ± 
4033 

27999 ± 
404 

33150 ± 
62233 

27850 ± 
1100 

21772 13662 



 

 

Table 5: Intracellular ROS measurement with H2DCFDA dye, after treatment with particles only and particles with desferoxamine (Iron 
chelator) treatment 
 
 

Arsenopyrite ash particle exposure to the BEAS-2B c ells Particle and desferoxamine 
treatment to the BEAS-2B cells 

Time 1 h 6 h 12 h 24 h 48 h 12 h 24 h 48 h 

Control 15580 ± 
1955 

16545 ± 
1205 

16845 ± 
2836 

13460 ± 
1130 

15235 ± 
984 

18137 ± 
1278 

14545 ± 
1757 

16626 ± 
1611 

Desferoxamine Control 0 0 0 0 0 20534 ± 
3953 

16174 ± 
590 

12496 ± 
500 

2  µg/cm² 19884 ± 
209 

17567 ± 
1073 

32150 ± 
2689 

32150 ± 
5912 

30580 ± 
1800 

25968 ± 
443 

25968 ± 
743 

16928 ± 
130 

5 µg/cm² 21109 ± 
930 

23036 ± 
4168 

27995 ± 
2546 

27995 ± 
3734 

26621 ± 
429 

31021 ± 
1099 

31021 ± 
343 

22795 ± 
1307 

10 µg/cm² 23093 ± 
3745 

25821 ± 
1067 

25447 ± 
1681 

25447 ± 
4216 

24290 ± 
1218 

32557 ± 
4870 

32557 ± 
1394 

26617 ± 
2626 

50 µg/cm² 21554 ± 
1527 

24011 ± 
3752 

18165 ± 
2789 

18165 ± 
2217 

18639 ± 
4318 

32999 ± 
142 

32999 ± 
1222 

25325 ± 
3991 
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Table 1:. The table provides location of a specific gene in the 3D profile graphs (Figure 39, 
40 and 41) showing the fold difference in expression of each gene between the particles and 
negative control in the 96-well format of the PCR array.  

 
Gene 
Symbol 

Location 
on 
graph 

Gene 
Symbol 

Location 
on 
graph 

Gene 
Symbol 

Locati
on on 
graph 

Gene 
Symbol 

Locatio
n on 
graph 

ABL1 A01 GADD45
A 

C01 NTHL1 E01 SMC1
A 

G01 

ANKRD
17 

A02 GADD45
G 

C02 OGG1 E02 SUMO
1 

G02 

APEX1 A03 GML C03 PCBP4 E03 TP53 G03 
ATM A04 GTF2H1 C04 PCNA E04 TP73 G04 
ATR A05 GTF2H2 C05 AIFM1 E05 TREX1 G05 
ATRX A06 GTSE1 C06 PMS1 E06 UNG G06 
BRCA1 A07 HUS1 C07 PMS2 E07 XPA G07 
BTG2 A08 IGHMBP

2 
C08 PMS2L3 E08 XPC G08 

CCNH A09 IHPK3 C09 PNKP E09 XRCC1 G09 
CDK7 A10 XRCC6B

P1 
C10 PPP1R15

A 
E10 XRCC2 G10 

CHEK1 A11 LIG1 C11 PRKDC E11 XRCC3 G11 
CHEK2 A12 MAP2K6 C12 RAD1 E12 ZAK G12 
CIB1 B01 MAPK12 D01 RAD17 F01   
CIDEA B02 MBD4 D02 RAD18 F02   
CRY1 B03 MLH1 D03 RAD21 F03   
DDB1 B04 MLH3 D04 RAD50 F04   
DDIT3 B05 MNAT1 D05 RAD51 F05   
DMC1 B06 MPG D06 RAD51L1 F06   
ERCC1 B07 MRE11A D07 RAD9A F07   
ERCC2 B08 MSH2 D08 RBBP8 F08   
EXO1 B09 MSH3 D09 REV1 F09   
FANCG B10 MUTYH D10 RPA1 F10   
FEN1 B11 N4BP2 D11 SEMA4A F11   
XRCC6 B12 NBN D12 SESN1 F12   
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