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Chapter 1 General Introduction 

1.1 Health Risk of Particulate Matter  

All the stories began from the occurrence of the London Smog and its a few precedents. 

The smog disaster led to 12 000 additional deaths over several days with the sharp increase in 

concentration of air pollutants in London in 1952 (GREAT LONDON SMOG) [1], similar 

pollution incidents resulted in 60 person deaths in the Meuse valley of Belgium in 1930 [2], and 

20 person deaths in 1948 in the Donora and Webster Hollow area of United States [3]. These 

tragic events reshaped the view on air pollution, spurred the government regulatory agencies 

and scientific community to explore the potential lethal pollution, the immediate investigations 

confirmed associations between short-term exposure to suddenly increasing air pollution and the 

abnormal mortality, just as the “1954 Report” suggested that the SMOG impose adverse effects 

on the individuals who were on the brink of death already. However seldom assessments 

addressing the potential health risk of persisting suspend particulate matters exposure on the 

public health until 50 years later when the studies largely were able to rule out sulphur dioxide, 

NO2 and ozone pollution as the cause of the observed deaths and the weak association between 

SO2, NO2 and the mortality is difficult to separate from the co-pollutant, the air borne particulate 

matters [4].  

Though human beings have been exposed to airborne particulate matter (PM) 

throughout their evolution, the naturally happened particles such as volcanic lava, forest fire and 

smoke never had attracted so many concerns. Since the GREAT LONDON SMOG, studies 

have reported associations between the mortality and the air pollution concentrations in many 

locations [5]. However late to the end of the 20 century, extensive epidemiology studies on the 

relationship of daily mortality and the air pollution confirmed the consistent association 

between the mortality and the airborne particulate matters in the air even at low concentration 

[6-9], and even the contribution of the particles to the mortality in the GREAT SMOT was 
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identified by analyzing the archival autopsy lung tissues [10]. As reported by the Harvard School 

of public health, U.S. EPA, the Johns Hopkins University School of Hygiene and Public Health, 

the London school of Hygiene and tropical medicine and Brigham Young University, the 

particulate air pollutants were correlated with the mortality in DETROIT, Los Angeles, London, 

Czech, Utah Valley and Santa Clara, a bit independently with the acidity of the particles [11]. 

Also in the Harvard Six Cities Study, it was demonstrated that the residents in the cities with the 

lowest PM levels had a survival rate roughly 2 years longer than those living in the cities with 

the high PM levels [12]. These results were confirmed by the American Cancer Society cancer 

prevention study II with a much larger study population (1200 000 adults). Following the 

subsequent promulgation of a new national PM standard [U.S. Environmental Protection 

Agency (U.S. EPA)], and a challenge to that standard by the American Trucking Association 

(American Trucking Associations Inc.v. United States Environmental Protection Agency 1999), 

these results came under considerable scrutiny. Recent concerns focus upon epidemiological 

studies that show an increase in mortality of 0.2% (United States) to 0.6% (Europe) for each 10 

µg/m3 increase in PM10 [13]. 

1.2 Nanoparticles and Health Hazard 

1.2.1 Classification of particulate matter 

Particle size is a vital consideration when it comes to air pollution and health. Particles 

greater than 10 µm mean aerodynamic diameters have short atmospheric lifetime and are 

removed in the upper airways and are not the focus of health concerns. In practical terms, the 

particles smaller than 10 µm (PM10) in diameter can penetrate in to the lower respiratory 

system are called thoracic particles. As particle size decreases, deposition occurs deep in the 

respiratory tract. The particles smaller than 2.5 µm (PM2.5) can penetrate into the gas-exchange 

region of the lung are called respiratory particle; the particles smaller than 0.1 µm (PM0.1) are 

thought to be able to penetrate the air-blood barriers are called ultrafine particles, nanometer 

particles or nanoparticles.  
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Figure 1.1 Classification of the airborne particles in terms of the particle diameters and the 
depth they can reach. 

As the U.S. National Research Council reported that measuring the particles by weight 

without regard to particle size, has little utility for judging effects [14], the ultrafine particles 

contribute little to particle mass but are most abundant in terms of numbers and offer a very 

large surface area, with increasing degrees of lung penetration. While, ultrafine particles are 

found to a large extent in urban air as both singlet and aggregated particles, and indeed are the 

predominant particle size by number in urban PM10, although they contribute modestly to mass. 

For example, Wichmann et al. summarized the data of Erfurt area between 1995 and 1998, as 

followings [15]. It indicated whilst 97% of the particle mass was found in the components  

PM0.1, this constitutes only 12% of the particle numbers, while the ultrafine particle contribute 

to 88% of the particle number but just 3% of the particle mass. 

 

 

Molecules Virus Bacteria RBC Cell Pollen Pin Hair 

0.05µm                   0.5µm                       5µm                        50µm 

0.01µm                 0.1µm                    1µm                        10µm                   100µm 

PM 10 
  Thoracic particles 
 
 
 
PM 10-2.5 
 Coarse particles 
 
 
 
PM 2.5 
 Fine Particles 
 
 
 
PM 0.1 
 Ultrafine Particles 
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Table 1.1 Number and mass contribution of different sized particles 

 

 

 

 

 

 

 

 

 

The concentration of ultrafine and fine particles to number and mass in the size range of 
0.01-2.5 µm and contribution of coarse particles to mass of total aerosol size distribution.  

1.2.2 Term of “Nanoparticle” 

The terms “ultrafine particles” was used by some aerosol scientists during a 1979 

Workshop on Ultrafine Aerosols in Vienna. Ultrafine particles were defined at that time as those 

characterized by particle diameters < 0.1µm. The U.S. EPA used the term “ultrafine particles in 

a biological context” to characterize particle size distributions with mass median diameter below 

about 0.1µm (U.S. EPA, 1996).   

Thus, the UFP and nanoparticles are concurrently used for a period of time to refer to 

the particle matter with diameter between 1 and 100 nanometers. The reason for this double 

name of the same object is that, during the 1970-80's, the first thorough fundamental studies 

with “nanoparticles” were underway in the USA and Japan [16], (within an ERATO Project) they 

were called “ultrafine particles (UFP) ”.  

However, with the production of nanostructure materials becoming an exciting new 

area for the materials industry, it is the topic of several recent symposia and workshops (e.g. 

Third International Conference on Nanostructured Materials, 1996: Joint NSF/JSPS U.S.-Japan 

Workshop on Nanoparticle Synthesis and Applications, 1996), bringing together researchers 

Contribution Size (µm) Number Mass 
Ultrafine particles 
NC0.01-0.03 
NC0.03-0.05 
NC0.05-0.1 

88% 3% 

Fine particles 
MC0.1-0.5 
MC0.5-1.0 
MC1.0-2.5 

12% 97% 

Total ultrafine and fine particles 
0.01-2.5 

100% 100% 

Coarse particles 
PM10-2.5 
TSP-PM10 

--- 
--- 

20% 
30% 
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from the aerosol and materials communities to investigate new production and evaluation 

methods. When the National Nanotechnology Initiative was launched in the USA, the new name, 

“nanoparticle” had become fashionable and the NNI adopt the term nanoparticles, further the 

new term nanoparticles were extensively used in toxicological and material science [17].  

Hereafter we use the term “nanoparticles (NPs)” to refer to the airborne particulate 

matters whose diameters fall between 1 nm to 100 nm. 

1.2.3 Health hazard of nanoparticles  

Accompanying the concerns turning to the dominant proportion of the UFPs in the 

particulate pollutant and  they were associated with adverse health effects reported in 

epidemiologic studies and in vivo researches, such as increased use of medication for asthma, 

attacks of asthma in patients with pre-existing asthma, attacks of chronic obstructive pulmonary 

disease, admission to hospital for cardiovascular causes, deaths from heart attacks, deaths from 

strokes, deaths from respiratory causes and else adverse health effects[18-22].  

Early in 1990, Paula et al. reported the deposition of ultrafine particles in respiratory 

tract found in the subjects with obstructive or restrictive lung disease [23]. Yeh et al. also found 

that singlet particles with aerodynamic diameter down to 10 nm deposit readily in the air ways 

and centriacinar regions of the lung and those pathological changes in the lungs such as the 

airway narrowing found in COPD and asthma cause an increase in the efficiency of deposition 

of nanoparticles. Then Peters et al. reported that decrement in evening peak flow in a group of 

asthmatic patients was best associated with the ultrafine component of the airborne particles 

during an episode of severe air pollution [24].  

Results on direct effects of nanoparticles and model UFPs have been reported from 

epidemiologic studies and controlled clinical studies in humans, inhalation/instillation studies in 

rodents, or in vitro cell culture systems. For example, several epidemiological studies have 

found associations of ambient UFPS with adverse respiratory and cardiovascular effects 

resulting in morbidity and mortality in susceptible parts of the population [15, 24-28], whereas other 



6 
 

epidemiological studies have not seen such associations [25, 29]. Controlled clinical studies 

evaluated deposition and effects of laboratory-generated UFPs. High deposition efficiencies in 

the total respiratory tract of healthy subjects were found, and deposition was even greater in 

subjects with asthma or chronic obstructive pulmonary disease. In addition, effects on the 

cardiovascular system, including blood markers of coagulation and systemic inflammation and 

pulmonary diffusion capacity, were observed after controlled exposures to carbonaceous UFPs 

[15, 23, 30-36].  

Studies in animals using laboratory generated model UFPs or ambient UFPs showed 

that UFPs consistently induced mild yet significant pulmonary inflammatory responses as well 

as effects in extrapulmonary organs. Animal inhalation studies included the use of different 

susceptibility models in rodents, with analysis of lung lavage parameters and lung 

histopathology, effects on the blood coagulation cascade, and translocation studies to 

extrapulmonary tissues [37-54]. 

1.3 Lung Deposition and Clearance of Nanoparticles 

The main mechanism for deposition of inhaled NPs in the respiratory tract is diffusion 

due to displacement when they collide with air molecules. Other deposition mechanisms of 

importance for larger particles, such as inertial impaction, gravitational settling, and interception, 

do not contribute to nanoparticles deposition and electrostatic precipitation occurs only in cases 

where nanoparticles carry significant electric charges. 

The pulmonary deposition of particles matter has been simplified as follows: 

particulates with diameter more than 5 um will deposit in the upper airways (nose and trachea), 

smaller particles will also deposit deeper in the airways, and those with diameter less than 2.5 

um can travel down to the alveoli. The deposition of nanoparticles has been found to be able to 

target all three regions of the respiratory tract. Particles with a size between 10 and 50 nm are 

deposited mainly in the alveoli, smaller and larger ones are more efficiently deposited in the 
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higher regions [55-57]. 

 

 

 

 

 

 

 

 

Figure 1.2 Deposition of particulate matter in the lungs. 

The classical clearance of deposited particles in the respiratory tract depend on the 

chemical and physical two processes. The chemical dissolution is directed at biosoluble 

particles or components of particles that are either lipid soluble or soluble in intracellular and 

extracellular fluids. Solutes and soluble components can then undergo absorption and diffusion 

of binding to proteins and other subcellular structures and may be eventually cleared in to blood 

and lymphatic circulation.  

The most prevalent mechanism for solid particle clearance in the alveolar region is 

mediated by alveolar macrophages, through phagocytosis of deposited particles. The success of 

macrophage-particle encounter appears to be facilliated by chemotactic attraction of alveolar 

macrophages to the site of particle depposion [58]. The chemotactic signal is most likely 

complement protein 5a (C5a), derived from activation of the complement cascade from serum 

proteins present on the alveolar surface [59-60]. In the case of acute exposure, the phagocytosis is 

followed by gradual movement of the macropages with internalized particles toward the 

mucociliary escalator. However in the long-term exposure, the phagocytosis results in activation 

of macrophages and induces the release of chemokines, cytokines, reactive oxygen species and 
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other mediators. Chronic stimulation of macrophages can result in sustained inflammation and 

progress to lung damage [61-62].  

In vivo (rat) studies revealed only approximately 20% of nanosized 15-20 nm and 80 

nm particles could be lavaged with the macrophages. It indicated that nanoparticles were in 

epithelial cells or had further translocated to the interstitium [38, 41, 43, 47, 50]. 

1.4 Translocation of Inhaled Nanoparticles 

As discussed above, about 80% of the inhaled NPs appear to translocate readily to 

extra-pulmonary sites and reach other target organ by different transfer routes and mechanisms. 

The prevalent pathway involves transcytosis across epithelia of the respiratory tract into the 

interstitium and access to the blood circulation directly or via lymphatics, resulting in 

distribution throughout the body. Some studies also revealed another not generally recognized 

route, the uptake by sensory nerve endings embedded in airway epithelia, followed the 

translocation by axonal to ganglionic and CNS. 

1.4.1 Translocation to lung interstitium 

The studies (rat) with ultrafine PTFE fumes exposure revealed that the particles could 

be found in interstitial and submucosal sites of the airways as well as in the interstitium of the 

lung periphery. Thus Oberdorster et al. supposed that instead phagocytosis, once deposited, 

most of nanoparticles were expected to interact with the epithelial cells [38]. Instead of the 

inefficient nanoparticles phagocytosis the interstitium translocation also was seemed to be 

another inflammation eliminating of the alveolar space, while it shifted the inflammation to the 

interstitium sites [47]. Because the interstitium traslocation of nanoparticles also was identified in 

dogs, nonhuman primates than in rodents the high translocation of nanoparticles in human was 

also assumed reasonable [63]. 

 

 



9 
 

1.4.2 Translocation to circulatory system  

The uptake into the blood circulation and lymphatic pathways can be inferred on the 

basis of the reports on the interstitium translocation. Early in 1977 Berry et al. [64] found large 

amounts of  30 nm gold particles in platelets of pulmonary capillaries 30 min later they 

instilled into the rat, the researchers suggest induce to platelet aggregation with formation of 

microthrombi athermanous plaques. Since then, a number of studies with different particle types 

have confirmed the existence of this translocation pathway, and indicated that particle size and 

surface chemistry (coating), and possibly charge, govern translocation across epithelial and 

endothelial cell layers [43, 65-67].  

The transcytosis involved in the circulatory translocation was reported mediated by an 

albumin-binding protein, named caveolin-1 and a phospholipid named lecithin by many studies 

[65-66, 68-69]. Therefore, the albumin and phospholipids in alveolar epithelial lining fluid may be 

important for facilitating epithelial cell uptake of nanoparticles after deposition in the alveolar 

space. Rejman [70] supposed that this facilitating mechanism is especially important for the 

nonphagocytic cells in the nanoparticles uptake, in which case the caveolae became the 

predominant pathway. The nanoparticles uptake mechanism was in agreement with that of 

biological nanoparticles, the viruses [71], the knowledge from virology was then expected to shed 

light on the further nanoparticles research. 

The studies in humans showed more complicated translocation mechanisms of inhaled 

nanoparticles [45]: found rapid appearance in the blood and significant accumulation of 20 nm 

carbon particles; whereas Brown et al. [31] reported the contrary results with the same particles. 

It was explained as that except for the particle size, the extrapulmonary translocation is highly 

governed by particle surface characteristics/chemical. 

The circulation translocation and the following system distribution through the 

circulation also make the nanoparticles come under the suspicion of adverse effect on the other 

organs, such as heart, liver, spleen and even CNS. Translocation to the blood circulation could 
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provide an explanation for epidemiologic findings of cardiovascular effects associated with 

inhaled ambient UFPs and for the results of clinical studies showing vascular responses to 

inhaled UFPs [36, 72]. Except the lung-close heart, also the spleen, bone marrow and CNS are the 

target of the nanoparticles [73-78]. The surface modifications can facilitate the target-specific 

properties, which made engineered nanoparticles be a promising drug delivery method [79-81].  

1.4.3 Neuronal uptake and translocation  

That the 30 nm polio virus bio-nanopparticles was neuronal uptake and translocation by 

sensory nerve endings of the olfactory and the trigeminus nerves and an intricate network of 

sensory nerve endings in the he nasal and tracheobronchial regions was described about 60 

years ago by the toxicologists [82].  

Intranasal instilled 50 nm nanoparticles were observed to translocate in the axons of the 

olfactory nerves to the olfactory bulbs, even cross synapses in the olfactory glomerulus to reach 

mitral cell dendrites in squirrel monkeys [83]. The results of recent studies also support that the 

olfactory and trigeminus nerve should be considered a portal of entry to the CNS for humans 

under conditions of environmental and occupational exposures to airborne nanoparticles [84-91].  

These studies also explain the potential mechanism of CNS effects of airborne 

particulate pollutant, especially the nanoparticles. Both Campbell and Calderon [92-93] found 

increase inflammatory or neurodegenerative changes in the olfactory muscosa, olfactory bulb 

and cortical and subcortical brain structures in animal experiments. 

1.5 New Challenges from Engineered Nanoparticles 

We have discussed the evolution of the toxicity research on airborne nanoparticles 

during the past 60 years, from the events brought about the original concern on the health risk of 

air pollution, to the findings indicating that the airborne nanoparticles in the air pollution was 

identified as a determinant of the adverse health effects, and their local deposition and systemic 

distribution. All these specific properties and the extra risks of nanoparticles than their bulk 
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counterpart are thought as conferred by the small size and corresponding large specific surface 

area. 

The importance of surface area becomes evident when considering that surface atoms 

or molecules properties [94]; the ratio of surface to total atoms or molecules increases 

exponentially with decreasing particle size. Increased surface reactivity predicts that 

nanoparticles exhibit greater biological activity per given mass compared with larger particles, 

should they be taken up into living organisms and provided they are solid rather than solute 

particles. This increased biologic activity can be either positive or desirable (e.g. antioxidant 

activity, carrier capacity for therapeutics, penetration of cellular barriers for drug delivery) or 

negative and undesirable (e.g. toxicity, induction of oxidative stress or of cellular dysfunction) 

or a mix of both. Not only may adverse effects be induced, but interactions of nanoparticles with 

cells and subcellular structures and their bio-kinetics are likely to be very different from those of 

larger-sized particles. For example, more than 60 years ago virologists described the 

translocation of 30 to 50 nm sized virus particles along axons and dendrites of neurons and 

across epithelia [82], whereas first reports about increased inflammatory activity and epithelial 

translocation of manmade 20 and 30 nm solid particles appeared only more recently [95-96]. 

 The characteristic bio-kinetic behaviors of nanoparticles are attractive qualities for 

promising applications in medicine as diagnostic and therapeutic devices and as tools to 

investigate and understand molecular processes and structures in living cells [72, 79, 97-98]. For 

example, targeted drug delivery to tissues that are difficult to reach (e.g., central nervous system 

CNS), nanoparticles for the fight against cancer, intravascular nano-sensor and nano-robotic 

devices, nanoparticles for diagnostic and imaging procedures are presently under development. 

The discipline of nano-medicine defined as medical application of nanotechnology and related 

research has arisen to design, test and optimize these applications so that they can eventually be 

used routinely by physicians [99].  

 However, in apparent contrast to the many efforts aimed at exploiting desirable 



12 
 

properties of nanoparticles for improving human health are the limited attempts to evaluate 

potential undesirable effects of NPs when administered intentionally for medicinal purposes or 

after unintentional exposure during manufacture or processing for industrial applications. The 

same properties that make NPs so attractive for development in nano-medicine and for specific 

industrial processes could also prove deleterious when NPs interact with cells. Thus, evaluating 

the safety of NPs should be of highest priority given their expected worldwide distribution for 

industrial applications and the likelihood of human exposure, directly or through release into the 

environment (air, water and soil).  

Though in the same size scale (1-100 nm), the engineered nanoparticles have their 

specific properties compared with the conventional air borne pollutant nanoparticles. The 

traditional air borne nanoparticles produces by the fossil fuel and the combustions, they always 

have a carbon core coating by the organic chemical components with different sizes, while the 

engineered nanoparticle of one genre share the same component and size.  
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Table 1.2 Comparison of naturally occurred ultrafine particles and engineered nanoparticls. 

 

 Nano dimension Chemical /physical 
characterization Exposure pathway potential toxicological mechanism 

Ultrafine 

particles 

Chemical 
heterogeneity 

  
Physical  
polydisperse  

Respiratory tract 

Organic carbon and polycyclic aromatic 
hydrocarbon (PAH) content impose 
oxidative stress to biological system, and 
the finer is the particle, the higher is the 
content of organic carbon and PAH, the 
more toxic. 

Engineered 

nanomaterials

Sharing the  many 
similarities on the extensive 
specific surface area and 
hydrokinetics Chemical 

homogeneity 
  
Physical  
mondisperse 

Respiratory 
Skin 
Injection 
Digestive tract  
Intervention 

operation 
And so on 

The extensive surface area provide 
bioactivity reactive surface, the residue 
exposed on the surface reacte with the 
residue of plasma membrane or other active 
biomolecular. 
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The detail comparison is summarized in the Table 2. In the sense of chemical 

components and physical disperse, once exposed to the engineered nanoparticles, it means much 

higher concentration exposure than the combustion and higher bioactivity risk. However in the 

sense of genre, the airborne pollutant nanoparticles have limited genre the engineered 

nanoparticles have been developed many genres with the development of nanotechnology. Also, 

due to the multifarious properties, the engineered nanoparticles can be inferred to have the 

specific toxicology mechanism respectively. The recent achievements on the nanotoxicities are 

summaries according to the particles genres. 

1.6 Health Risk of Widely Applied Nanoparticles 

Carbon nanoparticles, with their unique one-dimensional hollow nanostructure and 

unusual properties, are emerging as an important new class of multifunctional building blocks 

for the development of nanotechnology. The number of industrial scale facilities for the 

relatively low-cost production of multi-walled carbon nanotubes (MWCNTs) continues to grow, 

and therefore, professional and public exposure to MWCNTs is expected to increase 

significantly in the coming years.  

Several research groups have examined the uptake and potential hazards of CNTs, 

particularly MWCNTs, to humans and other biological systems. Dumortier et al. [100] 

demonstrated that water-soluble CNTs functionalized with polyethylene glycol chains did not 

have toxic effects when tested in a wide variety of immune system cells. However, it has been 

demonstrated that CNTs can induce inflammatory and apoptosis responses in human T cells 

[101-103]. Gene expression analysis by Ding et al. [101] indicated that MWCNTs activated genes 

involved in cellular transport, metabolism, cell cycle regulation and stress response in human 

skin fibroblasts. Magrez et al. [104] found evidence of cytotoxicity for carbon nanoparticle, 

although MWCNTs were the least toxic among the carbon nanotubes. Zhu et al. [105] found that 

MWNTs could accumulate and induce apoptosis in mouse embryonic stem cells and activate the 



15 
 

tumor suppressor protein p53 up-regulated the expression of base excision repair protein, double 

strand break repair protein. Jia et al. [105-106] suggested that the cytotoxicity apparently follows a 

sequence on a mass basis: SWCNTs > MWCNTs > quartz > C60 in in vitro study. 

Siliva et al. [107] demonstrated that ultrafine carbon particles show greater lung 

penetration and are able to cross the blood-brain barrier and impact on the central nervous 

system rather than release clotting agents from the lungs. Lam et al. [108] have reported the 

SWCNT clump together into bundles and produce pulmonary inflammation together in mice. 

Quantum dots (QDs) are nanocrystals containing 1 000 to 100 000 atoms. With unique 

optical and electrical properties, QDs are promising in optimal fluorophores for biomedical 

imaging [109-116].  

Zhang et al. [117] have shown that skin penetration is one of the major routes into 

biological system for QDs. Lovric [118] found that Mercaptopropionic acid coated CdTe QDs in 

less toxic than its non-coated counterpart. However Trolox et al. [119] though that the cytoxicity 

should be attributed to the coating materials rather than the core metalloid complexitself. 

Shiohara et al. [120] have also observed the QD-induced cytotoxicity. Deufus et al. [121] think the 

cytotoxicity of CdSe-core QDs is conditional. Additionally, recent researches concluded that the 

cytotoxicity of QDs can be modulated by processing parameters during synthesis, exposure to 

ultraviolet light, and surface coating and that cytotoxicity correlates with the liberation of free 

Cd2+ ions due to deterioration of the CdSe lattice. 

Each individual type of QD possesses its own unique physicochemical properties, 

which in turn determines its potential toxicity and as a result, there are discrepancies in the 

current literature regarding the toxicity of QDs7-87 [117-119, 121-129]. Rouse et al.[125] also have 

investigated the effects of applied strain on QDs uptake by human epidermal keratinocytes 

(HEK). Mortensen et al. [130] furtherlly demonstrated QDs skin penetration by employing an in 

vivo semiconductor QDs model system. Gopee et al. [129] have demonstrated that regional lymph 

nodes, liver, kidney and spleen are sentinel organs for the detection of QDs skin penetration. 



16 
 

Metallic nanoparticles are among the most widely used types of engineered 

nanomaterials; however, little is known about their environmental fate and effects.  

Chithrani et al. [131] demonstrated that kinetics and saturation concentrations of gold 

nanoparticles are highly dependent on the physical dimensions of the nanoparticles. Connor et 

al. [132] Goodman et al. [133] reported that gold nanoparticles with a variety of surface modifiers 

are not inherently toxic to human cells, despite being taken up into cells. Wang et al. 

investigated shape and size dependent cellular uptake and cytotoxicity of gold nanomaterials on 

human skin HaCaT keratinocytes [134]. Gold nanomaterials can penetrate through human skin 

HaCaT keratinocytes easily and can accumulate in the cell nucleus. Pernodet et al. [135] 

suggested though without cytotoxicity, the particles did apparently promote the formation of 

abnormal actin filaments, which led to decreases in cell proliferation, adhesion and motility as 

discussed.  

Carlson et al. [136] reported size dependent cellular interactions of silver nanoparticles 

mediated, which is thought to be mediated through oxidative stress. Lu et al. [137] found no 

difference in cell viability between cells treated or not treated with silver nanoparticles of 

different sizes to human skin keratinocyte cells. However Griffitt et al. [138] and Asharani et al. 

[139] found the cytotoxicity of silver nanoparticles in zebrafish, daphnids, and an algal species. 

The studies of Benn et al. [140] suggest that the potential toxicity of nano silver in brough about 

by the released silver ions.  

What have to be taken into consider in research on the metal nanoparticles is the 

coating articles. Wang et al. [141] have demonstrated the Hexadecylcetyltrimethylammonium 

bromide (CTAB), a coating materials of nanometal was highly cytotoxic. Similarly, the coating 

material, poly-ethylene glycol also was demonstrated toxic by Niidome et al [142]. 

Metal oxide nanomaterials are important industrial materials widely used as additives 

in cosmetics, pharmaceuticals and food colorants and humans are more likely to be exposed 

occupationally or via consumer products and the environment.  
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Grassian et al. [143] reported inhalation TiO2 nanoparticles exposure study in mice, and 

the results indicated anoparticles aggregate to form aerosol particles in the exposure chamber 

and showed a significant but modest inflammatory response. Jin et al. [144] demonstrated after 

exposed to TiO2, there is a significant increase in oxidative stress in L929 cells. Park et al. [145] 

reported the cytotoxicity of TiO2 nanoparticles with the induction of ROS in cultured BEAS-2B 

cells and the expressions of oxidative stress-related genes including heme oxygenase-1 or 

inflammation-related genes including IL-8 were increased.  

Cozzoli et al. [146] evaluated a human mesothelioma and a rodent fibroblast cell line for 

in vitro cytotoxicity tests using seven industrially important nanoparticles. The result shows 

nanoparticle-specific cytotoxic mechanism for uncoated iron oxide and partial detoxification or 

recovery after treatment with zirconia, ceria or titania. The investigation of Karlsson et al. [147] 

on CuO, TiO2, ZnO, CuZnFe2O4, Fe3O4 and Fe2O3 showed that there was a high variation 

among different nanoparticles concerning their ability to cause toxic effects. CuO nanoparticles 

were the most potent regarding cytotoxicity and DNA damage. ZnO showed effects on cell 

viability as well as DNA damage, whereas the TiO2 particles (a mixture of rutile and anatase) 

only caused DNA damage. For iron oxide particles (Fe3O4, Fe2O3), no or low toxicity was 

observed, but CuZnFe2O4 particles were rather potent in inducing DNA lesions. Xia et al. [148] 

reported that ZnO induced toxicity in, leading to the generation of ROS, oxidant injury, 

excitation of inflammation and cell death. In contrast, CeO2 nanoparticles were taken up by 

BEAS-2B and RAW 264.7 cells, without inflammation or cytotoxicity. CeO2 also suppressed 

ROS production and induced cellular resistance to exogenous source of oxidative stress. 
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1.7 Research Objective 

The rapidly developing field of nanotechnology is likely to become another source for 

human exposures to nanoparticles-engineered nanoparticles mainly by the route of inhalation 

(respiratory tract). The small size and corresponding large specific surface area of solid 

nanoparticles confer specific properties of them, for example, making them desirable as 

catalysts for chemical reactions. The ratio of surface to total atoms or molecules increases 

exponentially with decreasing particle size. Increased surface reactivity predict that 

nanoparticles exhibit greater biologic activity per given mass compared with larger particles, 

should they be taken up into living organisms and provided they are solid rather than solute 

particles. This increased biologic activity can be either positive or desirable (e.g., antioxidant 

activity, carrier capacity for therapeutics and penetration of cellular barriers for drug delivery) or 

negative and undesirable (e.g., toxicity and induction of oxidative stress or of cellular 

dysfunction) or a mix of both. Not only may adverse effects be induced, but interactions of 

nanoparticles with cells and subcellular structures and their biokinetics are likely to be very 

different from those of larger-sized particles.  

A popular hypothesis on the toxicological mechanism of nanoparticles suggested that 

ROS can be used as the evaluating standard of engineered nanoparticles, since it has been 

demonstrated as the predominant toxicant production of combustion and diesel exhaust in the 

health hazard. But there are great discrepancies on the mechanism of engineered nanoparticles 

for the different chemical components and different morphology though the same component. 

This study is to identify the role of ROS in the toxicity of metal oxide nanoparticles. We 

examined a series of metal oxide nanoparticles, and found copper oxide nanoparticles are the 

toxic one among them and zinc oxide nanoparticles have the most complicated toxic behavior. 

Thus, we use the global gene analysis technology to examine the whole gene change in the 

exposure to the CuO-NPs and ZnO-NPs, to clarify the toxicological mechanism of them. 
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Chapter 2 in Vitro Toxicity Mechanism of Zinc Oxide Nanoparticles 

2.1 Introduction 

ZnO-NPs have been extensively applied in  electronics, optoelectronics, gas sensors, 

sunscreens and antibacterial coating due to their unique properties arising from the quantum 

confinement, such as antibacterial, antifungal, ultraviolet filtering properties, high catalytic, 

photochemical activity and so on [1-4]. But the epidemiological and in vivo studies have lagged 

behind the speed of the mass production of the ZnO-NPs and the escalating human exposure risks to 

them [5-6]. Unfortunately, ZnO-NPs are more and more reported to be toxic to the environment 

including the aquatic organisms, the terrestrial animals and plants and the microorganism [7-10]. The 

in vitro studies also revealed that ZnO-NPs were toxic to various human cell lines, such as lung 

epithelial cells, aortic endothelial cells, epidermal cells, bronchial epithelial cells, lymphoblastoid 

cells, lung mesothelioma cell and fibroblast cells [11-18].   

To this day, the concerns have focused on whether the solid particles per se or the released 

zinc is the real toxicant in the ZnO-NPs cytotoxicity. On one hand, some findings indicated that the 

solid particles played an important role: Moos et al. found that the contact of particles with the cells 

was required for ZnO-NPs cytotoxicity [14]; Gojova et al. concluded that the internalization of 

nanoparticles by the cells was necessary for the ZnO-NPs cytotoxicity [13-14]. Furthermore, the 

ZnO-NPs cytotoxicity was well reported to be resulted from the increase of intracellular reactive 

oxygen species (ROS) brought about by the solid particles via a special interface chemical activity 

[12, 17, 19]. On the contrary, Franklin et al. fully discussed the importance of the solubility of the 

ZnO-NPs for the toxicity on microalga [20]. Brunner also found that the solubility of ZnO-NPs was 

very important for cytotoxicity [18]. Additionally, there was another compromised  hypothesis that 

the particles were internalized by the cells and intracellular released zinc was the real toxicant in 
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ZnO-NPs cytotoxicity [21]. Xia and co-researchers found the accumulation of fluorexcein 

isothiocyanate (FITC) labeled ZnO-NPs in human bronchial epithelial cells, and concluded the 

intracellular dissolution of them was important for the cytotoxicity [22]. However, Gojova et al did 

not detect the uptake of ZnO-NPs though they found the presence of the solid particles was 

pre-requisite for the cytotoxicity [13-14]. 

The objective of this study was to identify the respective contributions of the solid particles 

and the released zinc to the ZnO-NPs cytotoxicity. Thus we prepared three kinds of exposure 

medium; they were ZnO-NPs suspension in the medium, their extractions collected via 

centrifugation, and the medium containing zinc chloride (ZnCl2), which could release same zinc 

concentration as ZnO-NPs suspension in the culture medium. A549 cell line was used in this study, 

since nano-particles are well reported to be capable of reaching the alveoli and causing pulmonary 

inflammation [23-24], A549 cell line is derived from human lung adenocarcinoma and has an 

extensive application history in the airborne particle toxicity study [12, 25-27], because it keeps most of 

the characteristics of type II alveolar epithelial cells [28], which play important roles in responding to 

the lung damage and contribute to various pulmonary immunology and inflammatory activity [29]. 

2.2 Materials and Methods 

2.2.1 Preparing and characterizing the exposure mediums 

The ZnO-NPs were purchased from Sigma-Aldrich (MO, USA), the ZnCl2 was purchased 

from WAKO, Ltd., and we prepared three kinds of exposure medium with them. One was the 

suspension: ZnO-NPs were dispersed into sterilized MiliQ water with sonication for 30min, diluted 

with Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum (hereafter referred to 

as supplemented DMEM or medium) to 25, 50, 75 and 100 µg/mL，respectively. The hydrodynamic 

diameter distribution of the ZnO-NPs suspension was measured with a laser diffraction particle size 
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analyzer (DLS6000AL, Otsuka, Japan). The second was the extraction: the ZnO-NPs suspensions 

were  incubated in a 37 ℃，5% CO2 incubator for 24 h, then the solid particles were removed with 

150 000 g centrifugation for 1 h at 4 ℃, and the extractions was collected. The third was ZnCl2 

medium：ZnCl2  was dissolved in the sterilized MiliQ water and then diluted with the medium to the 

desired concentration. The concentration of the released zinc in the extractions and the ZnCl2 

medium were determined with the zinc colorimetric assay kit (AKJ Global Technology., Ltd). 

2.2.2 Cell culture and cytotoxicity assay 

A549 cells were seeded in culture vessels with the density of 8 000/cm2 and incubated for 

48 h in 37 ℃, 5% CO2 incubator. The culture medium was then replaced with the three kinds of 

exposure mediums. After 24 h of exposure, the cytotoxicity was assayed through morphology 

observation with Cell Double Staining Kit (Dojindo, Japan) and WST cell viability assay with  

Cell Counting Kit-8 (CCK-8, Dojindo company, Japan), and LDH leakage assay with CytoTox96® 

Non-radioactive Cytotoxicity Assay Kit (Promega Corporation). The assays were conducted 

according to the corresponding kit protocols. 

2.2.3 Global gene expression analysis  

The total RNA of cells surviving the exposure was extracted with ISOGEN (NIPPON 

GENE. Co. Ltd) and purified from the protein and DNA ingredients with Recombinant DNaseI 

(Takara-bio, Inc.). Amino Allyl MessageAmp II Arna Amplification Kit (Ambion, TX, USA) was 

used for the subsequent sample preparation for microarray analysis. We published the sample 

preparation and scanning procedure previously [30]. Finally, locally weighted scatter plot smoothing 

(LOWESS) adjustment was applied, and the expression situation of the global genes was transited 

into corresponding numerical value. Function analysis was conducted via PANTHER’s Gene 

Ontology (GO) biological process categories database (www.pantherdb.org/tools/ 
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genexAnalysis.jsp), and the regulated genes were classified into three broad function categories 

including the “biological process”, “cellular function” and the “molecular function”. Each broad 

category had a hierarchical structure and the corresponding genes could be further classified in 

more detail function categories. The function annotation of each gene was calculated with Fisher’s 

exact test to determine the p-value, which represented the statistical significance of the concordance 

rate between each category and the functional annotation of each gene [31]. Unless the p-value was 

less than 10-4 (p <0.0001), the regulated genes were not considered as the inevitable response to the 

stress. 

2.2.4 Inhibiting the expression of metallothionein gene with siRNA  

Lipofectamine™ RNAiMAX (InvitrogenTM) was used as transfection reagent. The 

transfection mixture was prepared, stand at room temperature for 20 min and then was treated to the 

cells with the exposure medium. After 24 h of incubation, the cells were collected and used for the 

subsequent cytotoxicity assay or reverse transcription polymerase chain reaction (RT-PCR) assay. 

For RT-PCR, the total RNA of the cells was collected with ISOGENE (NIPPON GENE. Co. Ltd), 

purified with Recombinant DNaseI (Takara-bio, Inc.), reverse-transcribed into cDNA with 

PrimerScript RT reagent kit (Takara-bio, Inc.), and finally stained with LightCycler Fast Start DNA 

Master SYBR Green I (Roche Applied Science Corporation). The fluorescence intensity was 

scanned with lightCycler (CAROUSEL, Roche) and analyzed with corresponding software.  

2.2.5 Detecting intracellular ROS  

OxiSelect™ Intracellular ROS Assay Kit (Green Fluorescence) was purchased from Cell 

Biolab, Inc. The assay kit employed the cell-permeable fluorogenic probe DCFH-DA, a 

well-established reagent for detecting the intracellular ROS [32-34]. The exposed cells in opaque 

96-well plate were washed twice with DPBS and then incubated in the medium containing 100 µM 
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of DCFH-DA in 37 ℃, 5% CO2 incubator for 60 min. Then the fluorescence intensity was 

determined with a microplate reader at an excitation of 485 nm and an emission of 530 nm. 

N-acetyl-L-cysteine (NAC, Sigma) was used to confirm the contribution of ROS to the 

cytotoxicityis since it was a precursor of intracellular cysteine and could transform into glutathione 

in the cells to enhance the intracellular reduction state by increasing the GSH/GSSG rate [35]. A549 

cells were pretreated with 10 mM of NAC for 2 h and then the medium was replaced with exposure 

medium. After another 24 h exposure, the cell viability was assayed with the CCK-8.  

2.2.6 Experimental design and statistics analysis 

The cells without exposure were used as the negative control. Each experiment was 

conducted with three parallel samples and repeated independently three times. The results were 

analyzed with two-tailed Student’s t-test. The results were considered significantly different from 

the control group if p<0.05 or evidently different with the control group if p<0.01. 

2.3 Results  

2.3.1 Characterizations of ZnO-NPs suspension in supplemented DMEM  

We previously reported that he pristine dimensions of ZnO-NPs were less than 60 nm, 

which were consistent with the nominal dimension determined by the supplier [36]. When the 

concentration of the ZnO-NPs suspension were from 25 to 100 µg/mL, the mean hydrodynamic 

diameter of the freshly prepared suspensions were 394.7 nm to 529.3 nm, and the mean 

hydrodynamic diameter were 352.2 to 591.8 nm after the incubation for 24 h (Table 2.1). The 

concentration of the released zinc in the suspensions were determined with their corresponding 

extractions and were 6.09 to 9.18 µg/mL; and when the particle concentration was more than 75 

µg/mL, the released zinc reached the saturation concentration, about 9.18 µg/mL (Table 2.2).  
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Table 2.1 Mean hydrodynamic diameter of ZnO-NPs in supplemented DMEM. 
 

 
 

Table 2.2 Concentration of released zinc in ZnO-NPs suspension. 
 
 

 

 

 

 

2.3.2 Cytotoxicity of ZnO-NPs suspensions, extractions and ZnCl2 medium 

After A549 cells were exposed to the 50, 75, and 100 µg/mL of ZnO-NPs suspensions for 

24 h, the cell viability decreased to approximately 20%, 30%, and 60% respectively, while no 

evident change in case of exposure to 25 µg/mL of ZnO-NPs suspensions (Figure 2.1a, b). In 

addition, the LDH leakage assay revealed the exposure to the 50, 75, and 100 µg/mL of ZnO-NPs 

suspensions also resulted in the in integrity loss of the plasma membrane (Figure 2.1c). By contrast, 

Zn released from ZnO-NPs showed neither reduction in cell viability nor the adverse effects on cell 

number or plasma membrane (Figure 2.2a-c).  

Mean Hydrodynamic Diameter (nm) Concentration of 
ZnO-NPs (µg/mL) Freshly prepared Medium 24h-Incubated Medium 

25 525.3 591.8 

50 529.3 431.4 

75 394.7 449.5 

100 406.1 352.2 

ZnO-NPs (µg/mL) Released Zinc (µg/mL) 

25 6.09 

50 7.85 

75 9.18 

100 9.18 
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Figure 2.1 Cytotoxicity induced by ZnO-NPs suspension. A549 cells were exposed to 25, 50, 75 
and 100 µg/mL of ZnO-NPs suspension respectively for 24 h, and the cell viability was assayed 
with (a) cell staining, (b) WST and (c) LDH leakage assay. ＊＊ｐ＜0.01, ＊ ｐ＜0.05    
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Figure 2.2 Cytotoxicity induced by the 20 µg/mL of ZnCl2 and the ZnO-NPs extractions. A549 cells 
were exposed to the 20 µg/mL ZnCl2 and the extractions of the 25, 50, 75 and 100 µg/mL of 
ZnO-NPs suspension respectively for 24 h, and the cell viability was assayed with a) cell staining, b) 
WST, and c) LDH leakage assay.＊＊ｐ<0.01; ＊ｐ<0.05  
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2.3.3 Global gene expression analysis  

To identify the gene functional category in response of ZnO-NPs and their released zinc 

respectively, we conducted a cDNA microarray assay on the cells exposed to the 100 µg/mL of 

ZnO-NPs suspension and 20 µg/mL of ZnCl2. We used 20 µg/mL of ZnCl2 as the released zinc 

control in absence of the solid particles to avoid the possible interference from the released 

impurities in the extractions, also because we found 20 µg/mL of ZnCl2 medium contained about 10 

µg/mL of released zinc (data not shown), which was equivalent to that of 100 µg/mL of ZnO-NPs 

suspension. A549 cells up-regulated 206 genes and down-regulated 113 genes in response of the 

100 µg/mL of ZnO-NPs suspension; and up-regulated 29 genes, down-regulated 37 genes in 

response of the 20 µg/mL of ZnCl2 medium (Table 2.3 and Table S1~S4 of reference 37) [37] . 

Through the subsequent data mining on the regulated genes via PANTHER’s GO biological process 

categories database, the same one functional gene category, “cadmium ion binding category”, was 

identified in response not only of the ZnO-NPs but also of the ZnCl2. The “cadmium ion binding 

category” consisted of five MT isomer genes, MT1F, MT1A, MT1B, MT1E and MT1L. The fold 

change of the MTs’ expression was summarized in the Table 2.4. Among the down regulated genes, 

no significantly changed functional category was identified. 

  

Table 2.3 Numbers of the regulated genes. 

 
 
 
 
 
 
 
 
 
 
 

 ZnO-NPs Medium 
100 µg/mL 

  ZnCl2 Medium 
20 µg/mL 

Up-regulated genes 206 29 

Down-regulated genes 113 37 
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Table 2. 4 Cadmium ion binding category in response of the exposures. 

 

 

 

 

 

2.3.4 Cytotoxicity in absence of MT over expression 

We inhibited the MT expression with the corresponding siRNA during 24 h exposure. The 

control group cells were transfected with random siRNA sequence. MT expression of the treatment 

group was calculated to be the portion of the control group. In the case of exposure to ZnO-NPs, the 

siRNA transfection inhibited the MT expression to about 1.4% of the corresponding control; in the 

case of the ZnCl2 exposure, the siRNA transfection inhibited the MT expression to about 1.1% of 

the corresponding control group (Table 2.5). Then we assayed the cell viability: inhibiting MTs 

expression resulted in the decrease of cell viability to about 88%, 80%, and 53% of the control in 50, 

75 and 100 µg/mL ZnO-NPs suspensions respectively but had no effect on the viability of cells 

exposed to the extractions and the ZnCl2 medium (Figure 2.3).  

Table 2.5 Relative mRNA expression of MT.  

a) The MT expression of A549 cells in normal medium was used as 1; b) The MT expression of 
A549 cells in medium containing the trasfiction reagen without siRNA. The inhibition efficiency 
was evaluated through comparing the reagent control with the siRNA transfected sample in present 
study; c) The MT expression of A549 cells in medium containing the trasfiction reagen and random 
siRNA, to detects whether there was any unexpected effects on the result just because of the 
non-specific RNA sequence. 

Fold Change Gene Name 100 µg/mL of ZnO-NPs 20 µg/mL of ZnCl2 
MT1F 5.02 3.53 
MT1A 4.90 1.45 
MT1B 3.74 1.09 
MT1E 3.73 <1.00 
MT1L 2.73 <1.00 

 Medium Control 100 µg/mL ZnO-NPs 20 µg/mL ZnCl2 
Cell control 1 a 1573.76 359.538 
Reagent controlb 0.858 1448.155 250.732 
Randam RNAc 0.846 1060.11 242.19 

siRNA treatment 0.607 15.348 2.657 
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Figure 2.3 Function of MTs in response of the exposures. The MT expression of A549 cells was 
inhibited with the corresponding siRNA during the exposure to (a) the suspension of 25, 50, 75 and 
100 µg/mL of ZnO-NPs, (b) their extraction and 20 µg/mL of ZnCl2 respectively for 24 h . The cell 
viability was assayed with CCK-8. The statistical significance was analyzed by comparing the 
siRNA transfected cells with the corresponding reagent control. ＊＊ｐ＜0.01 ＊ｐ＜0.05  
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2.3.5 Intracellular ROS  

The intracellular ROS was detected when ZnO-NPs were more than 50 µg/mL; however, 

no ROS generation was observed in the cells exposed to ZnCl2 (Figure 2.4). To examine whether 

ROS induced by ZnO-NPs is involved in cytotoxicity, cells were pre-treated with NAC before 

exposed to ZnO-NPs. As shown in Figure 2.5, the cell viability was partially recovered by NAC 

treatment in 50 µg/mL and 75 µg/mL ZnO-NPs. However, in the case of 100 µg/mL ZnO-NPs 

suspension, NAC pre-treatment had no effect on the cell viability. 

   

 

 

 

 

Figure 2.4 Intracellular ROS assay with DCFH-DA. The fluorescence intensity is directly 
proportional to the Intracellular ROS. ＊＊ｐ<0.01; ＊ｐ<0.05 
 

 

  

 

 

Figure 2.5 Change of cell viability after NAC pre-incubation. After pre-incubated with NAC for 2 h, 
A549 cells were exposed to ZnO-NPs for another 24 h and the cell viability was assayed with WST.  
＊＊ｐ<0.01, ＊ｐ<0.05  
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2.3.6 Synergic toxicity of ROS and zinc 

We incubated the A549 cells in the exposure medium containing ZnCl2 and/or H2O2 for 24 

h. According to the concentration of H2O2, the exposure medium were designed as 0 mM, 0.5 mM, 

and 1 mM of H2O2 group respectively; and in each group, the concentration of ZnCl2 were from 0 to 

50 µg/mL. The cell viability was assayed after 24 h incubation; the viability of the cells exposed to 

0 µg/mL ZnCl2 of each group were used as 100% and the viability of the cells exposed to ZnCl2 was 

rectified to be the percentage of the 0 µg/mL ZnCl2 of the corresponding group. For example, in the 

0.5 mM H2O2 group, the viability of the cells exposed to 0 µg/mL of ZnCl2 was used as 100%; and 

the cell viability of the cells exposed to 10, 20, 30, 40 and 50 µg/mL of ZnCl2 in this group were 

calculated to be the percentage of the 100% respectively, so that we could isolate the toxicity of 

ZnCl2 from that of H2O2. As shown in Figure 2.6, in absence of H2O2 (0 mM H2O2 group), 20 

µg/mL of ZnCl2 had no effects on the cell viability; however in presence of 1 mM of H2O2 (0.5 mM 

and 1 mM H2O2 groups), 20 µg/mL of ZnCl2 reduced the cell viability to about 83% and 50% of the 

control. In the case of 30 µg/mL of ZnCl2, there was no change of the cell viability in absence of 

H2O2, while in presence of 0.5 mM and 1mM of H2O2  (0.5 mM and 1mM H2O2 groups) the cell 

viability decreased to 75% and 10%. And 40 µg/mL of ZnCl2 resulted in that the relative cell 

viability decreased to 0 in presence of 1mM H2O2  (1 mM H2O2 group) but just decreased the cell 

viability by about 15% in absence of H2O2 (0 mM H2O2 group), and about 40% decrease in the 

presence of  0.5 mM of H2O2 (0.5 mM H2O2 group). 
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Figure 2.6 Synergic effects of H2O2 and zinc. The results were rectified to be the percentage of the 
control of the corresponding group. The statistical significance of the change of cell viability was 
analyzed by comparing with the control series.  

2.4 Discussion 

2.4.1 Exposure design  

The dissolution of zinc oxide is well known and occurs over a wide range of pHs [38]. In 

water at pH 7.5, the overall dissolution reaction of zinc oxide can be shortly written as following: 

ZnO (s) ＝Zn2+ (aq) + OH (aq) [39-40]. Franklin et al. fully discussed the importance of water 

solubility of ZnO-NPs in the toxicity study on microalga [20]. However in the previous studies, the 

solubility and saturation of ZnO-NPs in different culture medium were rarely taken into the 

consideration, which resulted in that the ZnO-NPs cytotoxicity was compared with the toxicity of 

the zinc salt, which consisted of the equivalent mole zinc, but was not compared with the zinc salt 

with the same capability to release zinc in the same solvent [18, 22, 41]. This brought about the risk 

deviating from real exposure status and the possibility of over- or under-estimation on the effects of 

the released zinc. Since the objective of this study was to identify the respective contributions of the 

released zinc and the solid particles to the cytotoxicity of ZnO-NPs, we used the ZnO-NPs 

extractions as the control of the released zinc of the ZnO-NPs suspension in the cytotoxicity assay. 
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For the global gene expression analysis, we used the ZnCl2 medium as the released zinc 

control to avoid the possible impurities interference in the extractions. We measured the 

concentration of released zinc in the ZnO-NPs suspension and ZnCl2 medium with a zinc specific 

chelator [42], and found the released zinc in 100 µg/mL of ZnO-NPs suspension reached saturation 

concentration, about 9.18 µg/mL (Table 2.2), which was equivalent to the zinc concentration of 20 

µg/mL of ZnCl2 medium. Therefore the 20 µg/mL of ZnCl2 medium was used as control of the 

released zinc of 100 µg/mL ZnO-NPs suspension in gene expression analysis. Additionally, with the 

usage of saturation zinc concentration of the ZnO-NPs, we could avoid the possible interference of 

“bound zinc/free zinc” ratio induced by different solubility since this issue had not been studied 

clearly [43-45]. The bound zinc and free zinc are the different forms of the released zinc in the 

supplemented DMEM. The zinc binding capacity of DMEM has garnered concerns in in vitro 

studies. Part of the total zinc is localized by zinc-ligand in DMEM, therefore the total released zinc 

can be separated into two groups, one is free zinc, and the other is bound-zinc binding to protein 

components in the medium [46-47]. In this study the total released zinc is determined with the zinc 

specific chelator. We are also working on this issue since the effects of free zinc and bound zinc in 

in vitro toxicity have not been studied clearly [17] . 

2.4.2 Both of solid particles and released zinc contribute to cyototoxicity 

With the above modification, we found that the ZnO-NPs suspension reduced the cell 

viability, damaged the plasma membrane integrity and induce the deteriorative cell morphologies 

(Figure 2.1), but neither their extractions nor ZnCl2 medium showed adverse effects on A549 cells 

(Figure 2.2). This findings indicates the importance of the solid particles for the ZnO-NPs 

cytotoxicity, as Moos et al. predicted that the presence of the solid particles was necessary for the 

ZnO-NPs cytotoxicity [14]. 
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The subsequent global gene expression analysis revealed that the same one functional 

category, “cadmium ion binding” category, was up-regulated to respond not only to the ZnCl2 but 

also to the ZnO-NPs, though they show directly opposite effects on the exposed cells, nontoxic and 

toxic respectively. The “cadmium ion binding” category consist of metallothioneins (Table 2.4) 

which belongs to a well-studied cysteine-rich metalloprotein family. MTs play important role in 

keeping the intracellular homeostasis of the heavy metals via binding, exchanging and transporting 

the heavy metals, such as zinc, cadmium and copper with their cysteine residuals [48-49]. For example, 

when cells are suddenly exposed to high levels of zinc, apo-MTs capture the excessive intracellular 

zinc to a nontoxic level, meanwhile the cells up-regulate the expression of MTs via metal regulatory 

transcription factor 1 (MTF1) mediated feedback[50]. Additionally, MTs are also reported to act as 

an intracellular antioxidant to quench the ROS in some special cases [51]. We exposed A549 cells to 

the medium containing H2O2 and found no change in MTs’ expression (Table 2.5).  Accordingly, 

we could rule out of the possibility that the over expression of MTs was in response of the ROS and 

proposed that A549 cells up-regulated MTs to respond the released zinc generated by ZnO-NPs and 

ZnCl2, though the ZnO-NPs were well reported to produce ROS [12, 16-17, 22]. To identify the role of 

the released zinc in the exposures, we inhibited the MTs expression with the corresponding siRNA 

(Table 2.5), and found the toxicity of 100 µg/mL ZnO-NPs suspension was accentuated when the 

MTs expression was inhibited (Figure 2.3). This result indicates the released zinc contributes to the 

ZnO-NPs cytotoxicity. The cytotoxicity of the excessive zinc has been well reported such as 

inhibiting cellular respiration [52-53], the key enzymes in the glycolytic pathway and leading to ATP 

depletion in cells [54-55].  
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2.4.3 Synergic toxicity of solid particles and released zinc 

However, inhibiting MT expression made no difference in the viability of the cells exposed 

to the extractions and the 20 µg/mL ZnCl2 (Figure 2.3), this meant that the released zinc could not 

impose substantial effect on the cells in the absence of the solid particles.  

About the role of the solid particles in the ZnO-NPs, there is a “Trojan-horse” theory: 

nanoparticles bring zinc ions into cells along with the particle internalization by cells, like the 

Greeks are brought into the city of Troy by the wooden horses, and lead to the adverse effects and 

even cell death [21, 41]. Though there is report on the internalization of ZnO-NPs by A549 cells [12], 

but no data can demonstrate the proportional correlation of the uptake and the cytotoxicity. We also 

observe the exposed cells and rarely find the endocytosis of the particles by A549 cells in this study 

(data not shown). The other possibility is that the particles generate ROS, since ROS is thought to 

be the most important mechanism of nanotoxicity [56]. With DCFH we detected intracellular ROS in 

the ZnO-NPs exposure, but not in cells exposed to the ZnCl2 medium (Figure 2.3). Further, when 

we pretreated A549 cells with NAC, a precursor of intracellular antioxidant, the cell viability was 

recovered as opposed to the cells without NAC treatment (Figure 2.5). Thus we concluded that ROS 

contributed to the ZnO-NPs cytotoxicity via the solid particles. 

In the case of the nanoparticles of transient metal oxides, such as copper oxide (CuO-NPs) 

and iron oxide, ROS is thought to be produced by the dissolved metal ions via Fenton’s reaction 

[21-22]. However, the divalent zinc is not redox reactive and usually it is not thought to cause the 

Fenton reaction [19, 57]. In a previous study we also demonstrated the different toxic behavior of the 

typical transient metal oxide, CuO-NPs, and the semi-conduct material, ZnO-NPs [36]. The oxidation 

potential of ZnO nanomaterial has been attributed to the unique surface properties resulting from 

the quantum size [1, 58-60]. We propose the special surface reactivity of ZnO-NPs is the reason for the 

necessity of the solid particles for ZnO-NPs cytotoxicity.  
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To demonstrate the relation of the ROS and the released zinc in the cytotoxicity, we 

exposed A549 cells to ZnCl2 and H2O2 simultaneously. We found the toxicity of the released zinc 

was exacerbated by H2O2 (Figure 2.6), as Heng et al. reported that the cytotoxicity of ZnO-NPs was 

aggravated by exogenous ROS [15]. Zhang explained the mechanism as that the ROS could 

incapacitate MTs via oxidation of sulfhydryl groups, led the increase of the intracellular free zinc 

into toxic level [61].   We propose that the solid particles produced the ROS via the special surface 

activity, and then the ROS can incapacitate the MTs, the most important intracellular zinc 

homeostasis keeping protein, and finally lead the intracellular free zinc into toxic level. 

2.5 Conclusions 

The findings of this study indicated that both of the solid particles and the released zinc 

contribute to the cytotoxicity of ZnO-NPs but the released zinc cannot arouse substantial toxicity to 

A549 cells in absence of the solid particles. Also we propose synergic toxicity of the released zinc 

and the solid particles as followings: to respond the excessive released zinc generated by ZnO-NPs, 

A549 cells up-regulate the expression of MTs; the solid particles produce the ROS via the special 

surface chemical reaction, disable the MTs, lead to the breakdown of the defense against the 

excessive intracellular free zinc (Figure 2.7). 
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Figure 2.7 Synergic toxicity of solid particles and released zinc of ZnO-NPs to A549 cells. Once 
dispersed into cell culture medium, ZnO-NPs release zinc and generate ROS. To keep the 
homeostasis of the intracellular free zinc, A549 cells up-regulate the expression of apo-MTs (the 
pink crescent) via the increased zinc-MTF1 complex. ROS not only destroy the intracellular redox 
status, they also oxidize the MTs and result in the zinc defense breakdown. 

Nowadays, human exposure to engineered nanoparticles is inevitable since nanoparticles 

are more and more widely used. The previous knowledge on the airborne pollutant particles, such as 

diesel exhaust, provides the most important knowledge on the toxicology of ultrafine particles 

(<100 nm), especially established the ROS model for toxicological mechanism of particulate 

materials [62]. However, unlike the similarity of the airborne pollutant particles, the engineered 

nanomaterials have distinct physicochemical properties from each other for their different chemical 

compositions. We have to take the real situation of exposure materials and exposed biological 

systems into the toxicity study case by case, which is very important in evaluating the toxicity 

potential and in improving the engineered nanomaterials. We suggest that both the nano-scaled 

superficial properties and the dissolved chemical composition of the nano-sized metal oxide should 

be characterized fully and the synergic effects of them deserve more concerns in the latter studies. 
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Chapter 3 Molecular Response to Copper Oxide Nanoparticle 

3.1 Introduction 

As a result of recent advances in nanotechnology, the industrial use of nanomaterials is 

increasing. Although the size, shape, surface area, and surface activity of nanomaterials are 

attractive for many different applications, concern exists that these properties may contribute to 

the toxicity of nanomaterials. For example, their small size could allow them to easily enter the 

body through respiratory passages or wounds and affect various tissues. However, clear safety 

standards have not been established for nanomaterials.  

Previously, we demonstrated that copper oxide nanoparticles (CuO-NPs) are the most 

toxic metal oxide nanoparticles [1-2]. CuO-NPs are used in textiles for their antibacterial effects 

[3]. They are also being developed for use in catalysts, gas sensors, microelectronic materials, 

and cosmetics [4-5]. Furthermore, CuO-NPs are added as materials to ink, plastics, lubricants, 

metallurgical coatings, and cosmetics for the skin [6]. Although SiO2-NPs (15-25 nm), CeO2-NPs 

(20 nm), and Al2O3- NPs (15-50 nm) are not toxic to A549 cells, ZnO-NPs (20-60 nm) are 

cytotoxic to a lesser extent than CuO-NPs [1-2]. 

These findings suggest that the toxicity of metal oxide nanoparticles is not due to their 

size but their chemical composition. Specifically, metal oxide nanoparticles suchas CuO-NPs 

and ZnO-NPs that release metal ions are most likely to be cytotoxic. In addition to CuO-NPs 

and ZnO-NPs, Ag-NPs are highly cytotoxic to HeLa cervical cancer cells, and Ag ions that are 

released into the culture medium are responsible for much of the toxicity [7]. However, until 

recently, the nanoparticles themselves, rather than released Cu ions, have been suggested to 

cause CuO-NP cytotoxicity [8-9]. The uptake of CuO-NPs into cells and subsequent generation of 

intracellular reactive oxygen species (ROS) have been reported to cause cytotoxicity and 

genotoxicity [8, 10], but the molecular basis of CuO-NP toxicity has not been clarified. 

Human lung epithelial A549 cells were used in this study because we have a greater 



 
 

54 
 

chance of inhaling nanoparticles in the workplace rather than taking them up through the skin, 

ingestion, and injection. A549 cells that were derived from carcinoma tissue are classified as 

type I pneumocytes, which cover >95% of the internal surface that provides a barrier function 

and gas exchange in the lung. We used DNA microarrays to analyze the effects of CuO-NPs on 

the global gene expression of A549 cells. First, we identified genes affected by exposure to 

CuO-NPs and inferred functional changes of cells using gene ontology (GO) analysis, in which 

affected genes were classified into functional categories. Next, we performed global gene 

expression analysis of cells exposed to Cu ions released from CuO-NPs into medium and 

identified genes that were regulated by both CuO-NPs and released Cu ions.These analyses 

revealed the contribution of released Cu ions to the toxicity of CuO-NPs at the molecular level. 

Furthermore, we examined the gene expression of cells exposed to different concentrations of 

CuCl2 to confirm the contribution of Cu ions released from CuO-NPs. Our results suggest that 

the in vitro cytotoxicity of CuO-NPs is primarily due to the effects of Cu ions that are released 

into the culture medium and absorbed into cells.  

3.2 Materials and Methods 

3.2.1 CuO nanoparticles  

CuO nanoparticles (CuO-NPs) were purchased from Sigma-Aldrich (MO, USA). The 

average diameter of these particles was 50 nm. The mean aggregate size of the particles after 

dispersal in a medium was assessed using a laser diffraction particle size analyzer (DLS6000AL, 

Otsuka, Japan) at a concentration of 25 µg/mL.  

3.2.2 Preparing medium containing CuO-NPs and medium containing released Cu  

To prepare the medium containing CuO-NPs, CuO-NPs were first dispersed in water 

sterilized with ultrasonic waves for 15 min. Next, CuO-NPs were added to high-glucose 

Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/mL 

penicillin, and 100 µg/mL streptomycin (hereafter referred to as DMEM) to obtain a 
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concentration of 25 µg/mL CuO-NPs. This medium was prepared just prior to its use. To 

prepare the medium containing released Cu ions, the medium containing CuO-NPs was 

incubated in a rotary shaker 37 ℃ for 24 h. The CuO-NP suspension was then centrifuged at 

150 000 g for 1 h to eliminate the NPs. The upper portion of supernatant was collected and used 

as medium containing Cu ions released from CuO-NPs.  

To measure the concentration of Cu in the supernatant, the supernatant was ashed using 

nitric acid and perchloric acid and then diluted with water. The concentration was then 

measured using coupled plasma optical emission spectrometry (ICP-OES; SPS1700HVR, Seiko 

Instruments Inc., Chiba, Japan). 

To study CuO-NPs in the cell culture medium, a grid for transmission electron 

microscopy (TEM) was immersed in the CuO-NP suspension (25 µg/mL) for 24 h and then 

dried in air. To confirm the removal of NPs by centrifugation, a TEM grid was immersed in the 

supernatant for 24 h and dried in air. The darkfield TEM images, elemental mapping, and 

energy-dispersive spectroscopy (EDS) spectrum were obtained by JEM-2100F (JEOL, Tokyo, 

Japan). The size of Cu-NPs after incubation for 24 h was examined scanning electron 

microscope (SEM) (S-4800, Hitachi High-Technology, Tokyo Japan).  

3.2.3 Cell culture 

Carcinoma-derived human lung epithelial A549 cells were seeded in culture dishes and 

plates with DMEM at a concentration of 5 000 cells/cm2. Normal human small airway epithelial 

cells (SAEC, TaKaRa Bio, Tokyo, Japan) were seeded in basal medium (SAGM BulletKit, 

TaKaRa Bio) at a concentration of 2 500 cells/cm2. After culturing in medium at 37 ℃ in a 5% 

CO2 humidified environment for 48 h, the cell concentration of this culture reached about 70% 

confluence. Next, the medium used to culture the cells was replaced with media containing 

CuO-NPs, released Cu ions, or CuCl2. After culturing the cells for another 24 h, the cellular 

toxicity of the culture was evaluated. Six-well culture plates were used for the following: viable 
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cell counts, calcein-AM staining, propidium iodide (PI) staining, TUNEL assay, DNA 

microarray, real-time quantitative PCR (qPCR), p38 and JNK inhibition, and siRNA-based gene 

knockdown. Ninety-six-well culture plates were used for the formazan formation assay. 

Furthermore, 35 mm glass bottom dishes were used for detecting mitochondrial damage. 

3.2.4 Evaluation of cytotoxicity 

Cytotoxicity of the cells was evaluated by assessing viable cell counts and formazan 

formation. To count cells, cells were removed from cell plates by trypsin treatment after 

washing with PBS three times. These cells were centrifuged at 2 000 g for 2 min and then 

resuspended in DMEM. A hemocytometer was used to count viable cells not stained with trypan 

blue. To count the total number of cells, cells were visually counted in eight different areas for 

each of the four independently prepared rounds of cultures. To visualize whether a cell was dead 

or alive, cells on each plate were double-stained with calcein-AM and PI using the Cellstain 

Double Staining Kit (Dojindo, Kumamoto, Japan). Each stained cell was observed under a 

fluorescence microscope. To determine the ratio of apoptotic cells, harvested cells were fixed in 

ethanol and then stained with PI and FITC-labeled Annexin V. Fluorescent intensity was 

measured with flow cytometry (FACS Calibur, BD, NJ, USA). The level of formazan formed 

from the water-soluble tetrazolium salt (WST-8) was measured using Dojindo's Cell Counting 

Kit-8.  

3.2.5 Observation of internalized CuO-NPs  

Cells exposed to CuO-NPs for 24 h were removed from culture plates by trypsin 

treatment and harvested by centrifugation at 2000 g for 2 min. The cells were fixed with a 

mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) 

for 2 h at room temperature. After a short rinse in the buffer, the samples were postfixed for 1 h 

in 1% OsO4 in 0.1 M cacodylate buffer (pH 7.4). The samples were then rinsed in the buffer, 

dehydrated in a graded series of ethanol, and embedded in Spurr resin (Agar Scientific, 
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England). Ultrathin sections were cut with an ultramicrotome (EM UC-6, Leica, Wetzlar, 

Germany) using a diamond knife. Sections were examined with a JEM-2100F (JEOL) for the 

dark-field TEM image and elemental mapping. Sections were stained with oolong tea extract 

(Oken Shoji, Tokyo, Japan), Ti blue (Oken Shoji), and lead citrate for observation with a field 

emission transmission electron microscope (JEM-3000F, JEOL). 

3.2.6 Detection of mitochondrial damage 

A549 cells were seeded at a concentration of 5 000 cells/cm2. After culturing for 48 h, 

CuO-NPs were added to the cells to obtain a concentration of 25 µg/ mL, and the cells were 

cultured for an additional 4 h. This treatment was followed by the addition of CuCl2 to obtain a 

concentration of 30 µg/mL, and the cells were further cultured. 

To detect mitochondrial damage, cells were stained with JC-1 

(5,50,6,60-tetrachloro-1,10,3,30-tetrathylbenzinidazolylcarbocyanin iodide; Invitrogen, CA, 

USA), and mitochondria were detected using a confocal laser microscope. Damaged 

mitochondria accumulate less JC-1 and therefore exhibit less fluorescence.  

3.2.7 DNA microarray analysis    

Cells cultured previously in DMEM for 48 h were further cultured for 24 h in media 

containing CuO-NPs, released Cu ions, or in DMEM (control medium). Total RNA was then 

recovered from the cells in each culture using ISOGEN (Nippon Gene, Tokyo, Japan). These 

RNAs were amplified using Amino Allyl MessageAmp II aRNA Amplification Kit (Ambion, 

TX, USA) and then labeled with Cy3 and Cy5. Whole Human Genome Microarray Kit 4- 44K 

(Agilent, CA, USA) was applied to the Cy3- and Cy5-labeled amplified RNAs, which were then 

competitively hybridized for 18 h at 65 ℃ . After washing this DNA microarray, the 

fluorescence intensity of Cy3 and Cy5 was scanned using GenePix 4000B (Molecular Devise, 

CA, USA) at 10 µm resolution at three levels, from a low PTM gain value to a high value. Spots 

in the scanned images were detected using GenePix Pro (Molecular Devise). The foreground 
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and background median values of each spot were obtained from the median values of the pixels 

included in each spot area. The difference between the foreground and background values of 

each spot was established as the signal strength. The standard deviation of the background 

values was treated as the noise value. Only spots with signal values 3X the noise value or 

greater were considered valid spots. Data from scans, whose gains were separated into three 

levels, were globally normalized and merged. Finally, locally weighted scatterplot smoothing 

(LOWESS) adjustment was applied.  

The DNA microarray experiment was carried out twice using RNA obtained from 

different cultures. For the first trial, RNA obtained from cells cultured in the control medium 

was labeled with Cy3. RNA obtained from cells cultured in media containing CuO-NPs and 

released Cu ions was labeled with Cy5. Genes whose Cy5 fluorescence intensity was 2X the 

fluorescence intensity of Cy3 or greater, or 0.5X the fluorescence intensity of Cy3 or lesser, 

were extracted as genes with altered expression levels. For the second trial, the roles of Cy3 and 

Cy5 were switched; that is, RNA obtained from the control cells was labeled with Cy5. Genes 

with altered expression level as indicated by the ratio of Cy3 to Cy5 fluorescence intensity were 

extracted. Of these extracted genes, only genes whose ratio of expression levels from the two 

trials was less than double the margin of error were identified as reproducible genes. The ratio 

of the expression levels of these genes was set as the average value of the two trials.  

Next, these genes were placed into GO biological process categories using PANTHER 

gene expression analysis/compare gene lists (http://www.pantherdb.org/tools/genexAnalysis. 

jsp). Significant changes were indicated by categories with over (+) and p value <0.001. 

3.2.8 Real-time quantitative PCR 

Real-time quantitative PCR (qPCR) was performed to confirm the reproducibility of the 

ratio of RNA expression levels obtained from independent cultures for certain genes that 

revealed altered expression levels during the DNA microarray analysis. The primer sequence of 

each gene for qPCR is shown in Table S10 of reference 11[11]. The expression level of each gene 
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was set as a value relative to the expression level of the GAPDH gene.  

3.2.9 Western blotting 

The following primary antibodies were used for Western blotting: anti-GADD45B 

polyclonal antibody (ab105060, abcam, Cambridge, UK), anti-GADD45G polyclonal antibody 

(ab96578, abcam,), anti-NR4A1 monoclonal antibody (ab109180, abcam), anti-NR4A3 

monoclonal antibody (WH0008013M6, Sigma-Aldrich), anti-CDC2 polyclonal antibody (9122, 

Cell Signaling Technology, MA, USA), anti-CCNB1 monoclonal antibody (ab72, abcam).  

A549 cells were seeded at 5 000 cells/cm2 in 14.5 cm culture dishes containing DMEM. 

After 48 h, medium was replaced with media containing CuO-NPs, released Cu ions, or CuCl2 

and cultured for another 24 h. Total protein was extracted using RIPA buffer (Thermo Fisher 

Scientific, MA, USA) after cell washing with PBS buffer. Thirty micrograms of total protein 

was size fractionated on a precast SDS-polyacrylamide gel (15% acrylamide, Atto Corporation, 

Tokyo, Japan) and blotted onto an Immobilon-PSQ membrane (Millipore, MA, USA). After 1 h 

of blocking at room temperature with 3% immunoblot blocking reagent (Millipore), the 

membrane was incubated overnight at 4 ℃ with a primary antibody. The membrane was then 

washed three times with PBS buffer containing 0.05% Tween-20 and incubated for 1 h at room 

temperature or overnight at 4 ℃  with HRP-F(ab')2 goat antirabbit IgG(HtL) (Zymed 

Laboratories, CA, USA) or HRP goat anti-mouse IgG(HtL) (Zymed Laboratories). Proteins 

were detected using Immobilon Western chemiluminescent HRP substrate (Millipore).  

3.2.10 Inhibition of JNK and p38  

A549 cells were cultured in DMEM for 46 h. JIP-1 peptide (GIBCO) or SB239063 

(Sigma-Aldrich), inhibitor of JNK and p38, respectively, was added so that the concentration of 

each reagent was 10 µM. After 2 h, these media were exchanged with media containing 

CuO-NPs, to which JIP-1 peptide or SB239063 was added to obtain the same concentration. 

The cells were cultured for another 24 h, and the number of live cells was counted.  
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3.2.11 Knock-down of GADD45B and NR4A1 using siRNA  

The sequences of siRNAs used to knock down genes were the following: GADD45B 

sense (50-GCACUUAUUCGAACCATT-30) and antisense 

(50-UGGUUCGAAUAACAAGUGCTT-30); NR4A1 sense 

(50-GCAUGGUGAAGGAAGUUGUTT-30) and antisense 

(50-ACAACUUCCUUCACCAUGCTT- 30). A549 cells were cultured in DMEM for 42 h, and 

each siRNA was added to the control medium to obtain a concentration of 25 µM. The siRNAs 

were introduced using Lipofectamine RNAiMAX (Invitrogen). After 6 h, the media were 

exchanged with medium containing CuO-NPs, and each siRNA was transfected. After culturing 

for 24 h, the number of viable cells was counted. Control cells were transfected with siRNA 

with the sequence of sense (50-UCUUAAUCGCGUAUAAGGCTT-30) and antisense 

(50-GCCUUAUACGCGAUUAAGATT-30).  

3.2.12 N-acetylcysteine treatment 

A549 cells were cultured in a 96-well plate or 35 mm dish for 46 h, and 

N-acetylcysteine (NAC) was added to the medium to obtain a concentration of 10 mM. After 2 

h, the media were exchanged with medium containing CuO-NPs or released Cu ions. The cells 

were cultured another 24 h to examine recovery from toxicity.  

3.2.13 Cell cycle analysis 

Cells cultured previously in DMEM for 48 h were cultured for a further 24 h in media 

containing 25 µg/mL CuO-NPs, released Cu ions, or in DMEM (control medium). These cells 

were harvested, fixed in ethanol, and then stained with PI. Fluorescence intensity was measured 

with flow cytometry (FACS Calibur).  

3.2.14 Statistics 

Differences between samples and control were evaluated using two-tailed Student's 
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t-test, and post hoc Bonferroni correction was performed for multiple comparisons. The results 

were considered significant if p < 0.05. 

3.3 Results and Discussion 

3.3.1 Preparing and characterizing medium containing released Cu  

The average diameter of CuO-NPs used in this study was 50 nm and the mean 

aggregate size of the particles after dispersal in medium at a concentration of 25 µg/mL was 

around 300 nm (Figure 3.1). However, CuO-NPs immediately subsided. The morphology and 

electronic properties of CuO-NPs have been reported previously [1]. 

  

 

 

 

 

 
 
 
Figure 3.1 Particle size distribution of CuO-NPs (25 µg/ml) in culture medium assessed by 
using a laser diffraction particle size analyzer. 

To investigate the contribution of the released Cu ions to the toxicity of CuO-NPs, we 

prepared culture medium containing Cu ions released from CuO-NPs (Figure 3.2a). CuO-NPs 

(25 µg/mL final concentration) were added to the culture medium and incubated at 37 ℃ for 

24 h. Then, the medium containing CuO-NPs was centrifuged at 150 000 g for 1 h to remove 

the CuO-NPs. Inductively coupled plasma optical emission spectrometry (ICPOES) indicated 

that the Cu concentration in the resulting supernatant was 13.2±1.54µg/mL (11.6-15.0µg/mL, n 

=5). To examine the presence or absence of CuO-NPs in the supernatant, we analyzed the 

supernatant using a laser diffraction particle analyzer (DLS). The analysis revealed the presence 

of NPs in the supernatant (Figure 3.3a). However, the similar pattern of size distribution was 
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also observed in the culture medium without CuO-NPs after incubation at 37 ℃ for 24 h 

(Figure 3.3b and Figure 3.2b), suggesting that the NPs in the supernatant are attributed to 

medium components, not CuO-NPs. In addition, as shown by transmission electron microscopy 

(TEM) and energy-dispersive spectroscopy (EDS) (Figure 3.3c-f), NPs in the supernatant 

contained hardly any CuO-NPs. On the other hand, observation of the resulting precipitation 

that contains CuO-NPs removed from the culture medium, using scanning electron microscope 

(SEM), revealed CuO-NPs with smaller than original size (Figure 3.3g, h). This implies that 

CuO-NPs released Cu ions into the culture medium, resulting in smaller size. Therefore, we 

used the supernatant as the culture medium containing released Cu ions to assess the 

contribution of the released Cu ions to the toxicity of CuO-NPs. Although CuO-NPs released 

Cu ions into the medium, they hardly released the ions in water (Figure 3.2c). 

 

  

 

 

 

 

 

 

 

Figure 3.2 Preparation and characterization of medium containing Cu ions released from 
CuO-NPs. (a) The culture medium with CuO-NPs (25 µg/ml) was incubated at 37 ℃ for 24 , 
and then centrifuged. The supernatant was used to estimate contribution of Cu ions released 
from CuO-NPs toxicity. (b) Culture medium without CuO-NPs was incubated at 37 ℃ for 24 h, 
and then particle size distribution was measured with a laser diffraction size analyzer. (c) 
CuO-NPs in water were incubated at 37 ℃ for 24 h, and then centrifuged. No particles were 
detected in the supernatant. 
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Figure 3.3 Characterization of supernatant for preparation of medium containing Cu ions 
released from CuO-NPs. (a) Size distribution of NPs in supernatant. (b) Size distribution of NPs 
in medium without CuO-NPs incubated at 37 ℃ for 24 h. (c) Dark-field TEM image of a 
CuO-NP sample. A TEM grid was immersed into the cell culture medium that contained 25 
µg/mL CuO-NPs and then air-dried. (d) EDS spectrum of the point indicated by the arrow in (c), 
which suggests the presence of Cu and O. (e) Dark-field TEM image of the supernatant. The 
CuO-NP suspension was centrifuged at 150 000 g for 1 h. Subsequently, a TEM grid was 
immersed into the supernatant and then air-dried. (f) EDS spectra of points 1-8 in (e). (g) SEM 
image of original CuO-NPs. (h) SEM image of CuO-NPs incubated in medium at 37 ℃ for 24 
h. 
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3.3.2 Toxicity of CuO-NPs  

The number of viable A549 cells cultured in 25 µg/mL CuO-NPs or the supernatant was 

34 and 81% of that of the control culture, respectively (Figure 3.4a and Figure 3.5). This result 

indicated that released Cu ions are also toxic and may account for part of the toxicity of 

CuO-NPs. In addition, we used the water-soluble tetrazolium salt (WST) cell proliferation assay, 

which is based on the production of formazan from WST-8 by mitochondrial dehydrogenases in 

viable cells, to measure cytotoxicity. The amount of formazan produced by cells cultured in 25 

µg/mL CuO-NPs or the supernatant was 20 and 57% of that of the control culture, respectively 

(Figure 3.4b). This result implies that the CuO-NPs and released Cu ions damaged the 

mitochondria. This damage occurred after 4 h of exposure to CuO-NPs (Figure 3.6). 

Furthermore, supplementation of Al2O3-NPs with 50 nm in size that were used as nontoxic 

dummy NPs to the supernatant did not affect the formazan formation of the supernatant (Figure 

3.7), suggesting released Cu ions alone damaged mitochondria. Approximately 9% of cells 

underwent apoptosis in response to CuO-NPs, but we observed few apoptotic cells in culture 

with the supernatant (Figure 3.4c). These results suggested that CuO-NPs damaged 

mitochondria and induced apoptosis, and that released Cu ions were responsible for some of the 

damage to the mitochondria.  
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Figure 3.4 Toxicity of CuO-NPs and released Cu ions. (a) Cytotoxicity of CuO-NPs and 
supernatant as indicated by the number of viable cells. A549 human lung epithelial cells were 
cultured in media containing 25 µg/mL CuO-NPs or supernatant at 37 ℃ for 24 h, and then the 
number of viable cells was compared to that of control (untreated) cells (defined as 1). Results 
are expressed as mean (SE) (n = 4); **p < 0.05. (b) Cytotoxicity of CuO-NPs and supernatant as 
indicated by cell viability in the WST assay. Results are expressed as mean (SE) (n = 8); **p< 
0.05. (c) Ratio of apoptotic cells determined by using flow cytometry Cells were stained with 
propidium iodide and FITC-labeled Annexin V; 20 000 cells were analyzed. Apoptotic cells are 
distributed in the upper right-hand area. Apoptosis was not observed in cells exposed to 
supernatant. However, about 9% of cells underwent apoptosis in response to CuO-NPs. Living 
cells in early apoptotic stage are distributed in the upper left-hand area. Therefore, only 2% of 
cells were in the early apoptotic stage when cells were exposed to CuO-NPs. (d) Cytotoxicity of 
CuCl2 as indicated by the number of viable cells. Arrow indicates concentration of CuCl2 whose 
toxicity is similar to that of supernatant. (e) Cytotoxicity of CuCl2 as indicated by cell viability. 
Arrow indicates concentration of CuCl2 whose toxicity is similar to that of supernatant. 
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Figure 3.5 Cell viability as indicated by staining of cells that were exposed to CuO-NPs and the 
supernatant for 24 h with calcein acetoxymethyl ester (calcein-AM). A549 human lung 
epithelial cells were cultured in media containing 25 µg/mL CuO-NPs or the supernatant at 37 
℃ for 24 h, and then the number of viable cells was compared to that of the control. 

 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.6  Damage to mitochondria by CuO-NPs. Mitochondrial damage in A549 human lung 
epithelial cells after exposure to H2O2 (2 mM), CuO-NPs (25 µg/mL), and CuCl2 (30 µg/mL) 
was measured by using 5,5′,6,6′-tetrachloro-1,1′,3,3′- tetraethylbenzimidazolylcarbocyanine 
iodide (JC-1; Invitrogen). The accumulation of JC-1 in mitochondria was measured by 
excitation at 543 nm and detection of fluorescence at 573–607 nm. Damaged mitochondria 
accumulated less JC-1, and therefore, exhibited less fluorescence. The mitochondria of cells that 
were exposed to CuO-NPs were damaged after 4 h. Cells that were exposed to CuCl2 also were 
damaged after 4 h; however, the damage was not as severe as that from CuO-NPs. 
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Figure 3.7 Effect of non-toxic dummy Al2O3-NPs on supernatant toxicity. (a) Cytotoxicity of 
Al2O3-NPs. The primary size of Al2O3-NPs was 50 nm and the hydrodynamic size was around 
160 nm. A549 cells cultured for 48 h were exposed to Al2O3-NPs at a concentration of 25 µg/ml. 
After 24 h, a WST assay was performed. (b) Effect of Al2O3-NPs on the supernatant toxicity. 
A549 cells cultured for 48 h were exposed to supernatant and supernatant with Al2O3-NPs. The 
supernatant contained Cu ions released from CuO-NPs. After 24 h, a WST assay was performed. 
Zeta potential of Al2O3-NPs was -20.37 mV. Physicochemical character of Al2O3-NPs was 
previously reported (Xu et al., Biomaterials 2010, 31, 8022-8031). 

To confirm the contribution of released Cu ions to the toxicity of CuO-NPs, we 

examined the cytotoxicity of different concentrations of CuCl2. In cultures with the supernatant, 

the number of viable cells and the amount of formazan was 81% and 57% of control culture 

levels (Figure 3.4a, b). The concentration of CuCl2 required for similar toxicity was 25-33 

µg/mL (Figure 3.4d, e). This concentration is equivalent to 11.8-15.6 µg/mL Cu ions, which was 

consistent with the concentration of Cu ions that were released from CuO-NPs. This result 

showed that the effect of Cu ions that are released from CuO-NPs is similar to that of Cu ions 

from CuCl2. 

Next, we examined the uptake of CuO-NPs into cells using TEM. NP-like structures 

were observed inside cell (Figure 3.8). To verify whether these NP-like structures are attributed 

to CuO-NPs, elemental maps were analyzed. The elemental maps clearly showed that CuO-NPs 

were taken up into cell (Figure 3.9).  
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Figure 3.8 Internalized CuO-NPs observed by TEM. Yellow arrowheads indicate single or 
smaller (<100 nm) aggregated NPs. Red arrowheads indicate larger (> 100 nm) aggregated NPs. 
Cells were cultured in medium with 25 µg/mL CuO-NPs for 24 h, and then living cells were 
harvested. 
 
 

 

 
  

 

 

Figure 3.9 Dark-field TEM image and elemental map of NPs inside cells. A549 cells were 
cultured in medium containing 25 µg/mL CuO-NPs at 37 ℃ for 24 h, and then living cells 
were harvested for the observation. Elemental map suggests the presence of Cu and O. 
 

 

 

 

 

 

 

 

 

Dark-field TEM image
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3.3.3 Molecular response of cells to CuO-NPs  

To elucidate the underlying molecular mechanism of CuO-NP toxicity, comprehensive 

gene expression analysis was performed using DNA microarray. We exposed A549 cells to 25 

µg/mL CuO-NPs for 24 h and then identified genes that demonstrated greater than 2-fold 

change in expression level compared with those in control cells. Our results revealed that 

CuO-NPs upregulated the expression of 648 genes and downregulated the expression of 562 

genes. These data have been deposited in the Gene Expression Omnibus database with 

accession code GE33278. By classifying these genes into GO functional categories, we obtained 

the following statistically significant categories (p < 0.001): CuO-NPs upregulated genes that 

affect “nucleobase, nucleoside, nucleotide, and nucleic acid metabolic processes” and “response 

to stress” and downregulated genes that affect “cell cycle”, “mitosis”, “cytokinesis”, 

“chromosome segregation”, “cellular component organization”, and “cellular component 

morphogenesis” (Figure 3.10; Table S1-S6 of reference 11) [11]. The upregulated 31 genes in the 

response to stress category included genes that encode heat shock proteins (HSPs) (Table S2 of 

reference 11) [11] and proteins involved in mitogen-activated protein kinase (MAPK) pathways, 

such as growth arrest and DNA damage-inducible 45 β and γ (GADD45B/GADD45G) and 

nuclear receptors 4A1 and 3 (NR4A1/NR4A3) (Figure3.10a and Table3.1). We confirmed the 

upregulation of GADD45B/GADD45G and NR4A1/NR4A3 at protein level by using Western 

blot analysis (Figure 3.11). 
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Figure 3.10 Gene ontology classification of genes that were upregulated or downregulated by 
CuO-NPs. A549 cells were exposed to 25 µg/mL CuO-NPs for 24 h, and then DNA microarray 
analysis was used to identify genes that demonstrated a 2-fold or greater change in expression 
level compared with control cells. These genes were grouped into statistically significant GO 
functional categories (p< 0.001). (a) Functional categories of genes upregulated by CuO-NPs. 
The numbers within parentheses indicate the number of genes in each category. (b) Functional 
categories of genes downregulated by CuONPs. Representative genes are shown in each 
category. The gene list for each category is included in Supporting Information (Table S1-S6 of 
reference 11) [11]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Western blotting analysis to confirm the change of gene expression. A549 cells 
were cultured for 48 h, and then exposed to 25 µg/mL CuO-NPs, supernatant and 30 µg/mL 
CuCl 2 for 24 h. 
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Table 3.1 Fold change of gene expression level mainly discussed in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  Fold-change is represented by logarithmic ratio (log2 ratio) to expression level in control. NR: Not reproducible.  

 

Fold-change (log2 ratio)a 
 CuO-NP (25 µg/mL) supernatant (contained 

about 15 µg Cu/mL) 
CuCl2 

(30 µg/mL)
CuCl2 

(60 µg/mL)  

Gene name DNA 
microarray qPCR DNA 

microarray qPCR qPCR qPCR GO category 

GADD45A 0.24  0.55 _ -0.76  0.68 0.14  1.07  response to stress 
GADD45B 2.96  3.00  -0.02 0.30  -0.42 1.52  response to stress 
GADD45G 3.59  3.22  NR  0.61  0.38  1.70  response to stress 
PCNA -1.37  -0.87  NR  -0.28  -0.05 0.23  cell cycle 
CDC2 -1.41  -1.48  -1.16  -1.08  -1.40  1.22  cell cycle 
CCNB1 -1.74  -2.14  -1.33 -1.51  -1.27 1.46  cell cycle 
CDKN1A 0.30  0.78  -0.08  0.63  -0.07 0.49 cell cycle 

FOS 4.48  1.06  NR  -0.14  0.37  0.61  nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; response to stress 

FOSB 5.70  3.97  NR  0.68  0.57  3.43 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; response to stress 

ATF3 4.22  1.23  NR  -0.01  0.07  1.14 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process 

JDP2 1.13 -0.67  NR  -0.19  -0.36  _0.41  
 

Process nucleobase, nucleoside, nucleotide and 
nucleic acid 
metabolic 

ATR _ 1.11  -0.83  -0.20  -0.48 _ -0.33 0.51 cell cycle; cellular component organization 

TP53 NR -1.10  NR -1.12  -0.04  0.15 
induction of apoptosis; cell cycle; Nucleobase, 
nucleoside, nucleotide and nucleic acid metabolic 
process 

NR4A1 5.28 2.82 2.71  1.25 0.89 2.09 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; response to stress 

R4A2 NR  1.12  NR  -0.96  0.07  0.33 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; response to stress 

NR4A3 3.06 1.08  NR  0.94 1.55  2.96 nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process; response to stress 

AURKA -1. 21 -1.62  -0.91  -1.34  -0.59 1.12 cell cycle; cytokinesis 
AURKB _ 1.13  -1.76 -0.81 -1.18  -0.96 1.37 cell cycle; cytokinesis 
TPX2 -1.25  -2.13  -1.17 -1.63  -1.16 2.11 cell cycle; chromosome segregation 
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The upregulation of many HSPs suggested that CuO-NPs stimulate protein denaturation. 

GADD45B and GADD45G are members of the GADD45 family of proteins that are induced by 

genotoxic stresses and various apoptotic cytokines [12-14] and are involved in cell cycle arrest 

[15-20], DNA repair [21-23], cell survival [23-28] and apoptosis [29-38]. These functions are mediated by 

proliferating cell nuclear antigen (PCNA), cell division control 2 (CDC2), cyclin B1 (CCNB1), 

and cyclindependent kinase inhibitor 1A (CDKN1A; also known as p21), which are classified in 

the GO cell cycle category. PCNA is involved in DNA repair and the transition from the G1 to 

the S phase of the cell cycle [21-23]. In contrast, CDKN1A inhibits PCNA and blocks the 

transition from the G1 to the S phase of the cell cycle [21, 39]. The CDC2-CCNB1 complex is 

required for the transition from theG2 to the M phase [40-41]. Although CuO-NPs did not affect 

the expression of CDKN1A, they downregulated the expression of PCNA, CDC2, and CCNB1 

(Figure 3.10b and Table 3.1), this suggests that CuO-NPs induce cell cycle arrest in the G1 and 

G2 phases. In addition, CuO-NPs downregulated the expression of genes that encode aurora 

kinase A and B (AURKA/AURKB) and target protein for XKlp2 (TPX2) (Figure 3.10b and 

Table 3.1), this peak during the G2/M transition and are involved in the assembly and 

maintenance of the spindle [42] .  

To confirm that CuO-NPs cause cell cycle arrest, we isolated cells that survived 

exposure to CuO-NPs and cultured them in fresh culture medium that did not contain CuO-NPs. 

However, these cells did not proliferate for 72 h (Figure 3.12a). When we harvested these cells 

and cultured them again in fresh culture medium that did not include CuO-NPs for an additional 

72 h, their proliferative capacity was restored; however, their rate of proliferation lagged behind 

that of control cells (Figure 3.12b). These results indicated that the surviving cells were in a 

state of cell cycle arrest after exposure to CuO-NPs. Since cell cycle arrest is thought to provide 

time for cells to repair damaged DNA, it is likely that CuO-NPs compromise cell survival. 
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Figure 3.12 Cell cycle arrest due to CuO-NPs. Cells that were exposed to 25 µg/mL CuO-NPs 
were isolated, and then seeded in fresh culture medium that did not contain CuO-NPs at a 
density of 5000 cells/cm2. The left graph shows the number of cells after 72 h. The dotted line 
shows the number of cells at the time of the seeding. Cell proliferation was not observed. 
However, when the cells were harvested and seeded in fresh culture medium for an additional 
72 h, cell proliferation resumed (right graph). Therefore, cell cycle arrest occurred after the cells 
were exposed to CuO-NPs. 

The expression of GADD45B and GADD45G has been reported to activate the c-Jun 

N-terminal kinase (JNK) and p38 pathways via MAP 3 kinase 1 (MTK1) [29, 43-44].   In addition, 

activation of these pathways induces the activation of the constituent proteins of the activator 

protein 1 (AP-1) transcription factor complex, such as c-Jun, JunD, and activating transcription 

factor 2 (ATF2) [45-46].  AP-1 is involved in both apoptosis and cell survival [47-48].  To examine 

how the JNK or p38 pathway is involved in themolecular response to CuO-NPs exposure, we 

treated cells with CuO-NPs and either a JNK interacting protein 1 (JIP-1) peptide or SB239063, 

which are inhibitors of JNK and p38, respectively. Although the JIP-1 peptide did not have any 

effect on the number of viable cells, SB239063 markedly reduced the number of viable cells 

relative to treatment with CuO-NPs alone (Figure 3.13a Figure 3.14). Similar to SB239063, 

when GADD45B in cells exposed to CuO-NPs was knocked down with small interfering RNA 

(siRNA) (Figure 3.15), they were more sensitive to CuO-NPs than cells with normal GADD45B 

expression, and the number of viable cells decreased (Figure 3.13b and Figure 3.16). Together, 

these results suggest that the upregulation of GADD45B/GADD45G due to CuO-NPs promotes 

cell survival by activating the p38 pathway. The activation of the p38 pathway in turn activates 

ATF2, which interacts with FOS, FOSB, and ATF3 in the AP-1 complex. In addition, we 

observed the upregulation of these proteins by CuO-NPs (Figure 3.10a and Table 3.1), which 

strongly suggested that the underlying mechanism of cell survival involved the p38 pathway. 
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Figure 3.13 Changes in the number of viable cells due to disruption of mitogen-activated protein 
kinase (MAPK) pathways. After culturing A549 cells for 42 h, p38 or c-Jun N-terminal kinase 
(JNK) inhibitors or siRNA were added and incubated for 6 h. Subsequently, CuO-NPs were 
added to a final concentration of 25 µg/mL and then cultured for 24 h. (a) Effects of SB239063 
and JNK interacting protein 1 (JIP-1), which are inhibitors of p38 and JNK, respectively, on the 
number of viable cells. SB239063 increased the cytotoxicity of CuO-NPs (n = 3); **p < 0.05. 
(b) Effect of siRNA knockdown on the expression of GADD45B and NR4A1 on the 
cytotoxicity of CuO-NPs. Knockdown of the expression of these genes markedly increased the 
cytotoxicity of CuO-NPs (n = 3); **p< 0.05. The knockdown efficiency for each gene is shown 
in Figure 3.15. 

 

 

 

 

 

 

 

 Figure 3.14 Effects of SB239063 and JNK interacting protein 1 (JIP-1), which is 
inhibitors of p38 and JNK, respectively. Double staining with calcein acetoxymethyl ester 
(calcein-AM) and propidium iodide (PI). SB239063 and CuO-NPs (CuO-NPs + SB239063) 
decreased the number of viable cells more than CuO-NPs alone. In the presence of SB239063, 
many cells that were exposed to CuO-NPs detached from the culture dish. 
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Figure 3.15 siRNA knockdown efficiency of GADD45B and NR4A1. (a) mRNA expression 
level of GADD45B. (b) Western blotting. The concentration of CuO-NPs was 25 µg/mL. 
GADD45B siRNA suppressed the expression at protein level. (c) mRNA expression level of 
NR4A1. (d) Western blotting. NR4A1 siRNA suppressed expression of NR4A1 at protein level. 
 
   

 

 

 

 

 

 

 

 

 

Figure 3.16 Effect of siRNA knockdown on the expression of GADD45B and NR4A1 on the 
cytotoxicity of CuO-NPs. Double staining with calcein-AM and PI. Knockdown of GADD45B 
and NR4A1 decreased the number of viable cells after cells were exposed to CuO-NPs. The 
number of dead cells as indicated by PI staining is not accurate because it included dead cells 
that detached from the surface of the culture dish. 
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CuO-NPs also upregulated NR4A1 and NR4A3. These nuclear receptors are involved 

in both cell survival and apoptosis and are activated via the mitogen-activated protein 

kinase/extracellular signal regulated kinase 5 (MEK5/ERK5) pathways [49-50]. When NR4A1 in 

cells exposed to CuO-NPs was knocked down with siRNA (Figure 3.15), A549 cells were more 

sensitive to CuO-NPs than cells with normal NR4A1 expression, and the number of viable cells 

decreased (Figure 3.13b and Figure 3.16). These results indicated that the upregulation of 

NR4A1 is also involved in cell survival after exposure to CuO-NPs. 

DNA damage is well-known to activate p53, which induces checkpoint arrest in the G1 

and G2/M phases of the cell cycle and apoptosis in cells that cannot recover from DNA damage 

[51]. The checkpoint function of p53 is activated by the phosphorylation of ataxia telangiectasia 

mutated (ATM), ataxia telangiectasia and Rad3-related protein (ATR), and checkpoint kinase 1 

(Chk1). Subsequently, activated p53 induces the expression of GADD45A and CDKN1A [31, 

52-55].  Although CuO-NPs downregulated ATR, they did not affect the expression of 

GADD45A or CDKN1A (Table 3.1). Therefore, we concluded that p53 does not play a major 

role in the response of cells exposed to CuO-NPs.  

3.3.4 Contribution of released Cu from CuO-NPs at molecular level 

In addition to the genes that demonstrated altered expression in response to CuO-NPs, 

we identified genes that were altered in response to the Cu ions released from CuO-NPs into 

culture medium to determine their contribution to the molecular response to CuO-NP exposure. 

Cells exposed to the supernatant for 24 h upregulated 108 genes (Figure 3.17a). Of these 108 

genes, 54 were also found in the list of 648 genes upregulated by CuO-NPs (Figure 3.17a and 

Table S7 of reference 11) [11]. Therefore, of 648 genes upregulated by CuO-NPs, 594 

upregulated genes were induced by CuO-NPs themselves, but 54 upregulated genes were 

attributable to Cu ions released from CuO-NPs into the culture medium. After classifying these 

54 shared genes into GO functional categories, we did not identify any statistically significantly 

enriched categories. This finding suggests that released Cu ions do not contribute to changes in 
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cellular functions related to nucleobase, nucleoside, nucleotide, and nucleic acid metabolic 

processes or response to stress, categories found to be enriched in the classification of genes 

upregulated by CuO-NPs. The changes in these two functions were specifically induced by 

CuO-NPs themselves. However, NR4A1 and NR4A3, which are involved in response to stress, 

were upregulated by both CuO-NPs and the supernatant (Table 3.1 and TableS7 of reference 11) 

[11], suggesting that these genes were induced by released Cu from the CuO-NPs. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3.17 Gene expression altered by both CuO-NPs and released Cu ions. (a) Genes 
upregulated by both CuO-NPs and supernatant. Of 108 genes that were upregulated in response 
to supernatant, 54 genes were also upregulated by CuO-NPs. (b) Genes downregulated by both 
CuO-NPs and supernatant. Of 125 genes that were downregulated in response to supernatant, 55 
genes were also downregulated by CuO-NPs. The names of the common genes are boxed. 
Yellow, orange, and green highlighting of gene names indicate ROS scavenger genes, 
MAPK-related gene, and cell cycle-related genes, respectively. (c) Gene ontology classification 
of genes that were downregulated by both CuO-NPs and supernatant. Categories with p 0.001 
were considered statistically significant functional categories. The numbers within parentheses 
indicate the number of genes in each category. Gene names are listed under each category. 

a                        b
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  We identified genes encoding super oxide dismutase 2 (SOD2), which functions as a 

ROS quencher and 9 genes for metallothionein isomers (MT1A, MT1B, MT1E, MT1F, MT1G, 

MT1H, MT1L, MT1X, and MT2A) among the 54 common genes upregulated by both 

CuO-NPs and the supernatant (Figure 3.17a and Table S7 of reference 11) [11]. Since MT 

isomers help protect cells from oxidative stress due to excess metal ions, such as cadmium, zinc, 

and copper [56-59], the released Cu ions may generate ROS. To examine whether CuO-NPs and 

Cu ions induce ROS in A549 cells, we pretreated cells with N-acetylcysteine (NAC), which is a 

ROS scavenger. NAC protected cells exposed to supernatant from mitochondrial damage 

(Figure 3.18a). NAC also partially protected cells exposed to CuO-NPs from mitochondrial 

damage and cell death (Figure 3.18b). These findings imply that ROS generation by Cu ions 

released from CuO-NPs is one of the causes of CuO-NPs toxicity.  

 

 

 

 

 

 

 

 

Figure 3.18 Effect of pretreatment of cells with NAC, a scavenger of ROS. (a) NAC decreased 
mitochondrial damage of cells exposed to CuO-NPs and supernatant (n = 8); **p< 0.05. (b) 
NAC increased the number of living cells exposed to CuO-NPs and supernatant (n = 3); **p< 
0.05. 
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The supernatant also downregulated 125 genes (Figure 3.17b). Of these genes, 55 genes 

were also among the 562 genes downregulated by CuO-NPs (Figure 3.17b and Table S8 of 

reference 11) [11]. Therefore, of 562 genes downregulated by CuO-NPs, 507 genes were 

specifically downregulated by CuO-NPs themselves, but 55 genes were downregulated by Cu 

ions released from CuO-NPs. After classifying these 55 shared downregulated genes into GO 

categories, we identified statistically significantly enriched functional categories including cell 

cycle, mitosis, and chromosome segregation (Figure 3.17c and TableS9 of reference 11) [11]. 

These categories were also identified in the classification of genes downregulated by CuO-NPs 

(Figure 3.10b), suggesting that changes in these cellular functions by CuO-NPs were 

attributable to Cu ions released from CuO-NPs into culture medium.  

Among genes downregulated by CuO-NPs, CDC2, CCNB1, PCNA, AURKA/AURKB, 

and TPX2 were classified into GO categories cell cycle, mitosis, or chromosome segregation 

(Figure 3.10b). Downregulation of CDC2, CCNB1, AURKA/AURKB, and TPX2 has been 

reported to induce cell cycle arrest in the G2 phase [40, 42-43] , and downregulation of PCNA led to 

cell cycle arrest in the G1 phase [21, 39]. Among these genes, CDC2, CCNB1, AURKA/AURKB, 

and TPX2 were also downregulated by the supernatant, but PCNA was not changed by the 

supernatant (Table 3.1). We observed a marked increase in the number of cells in the G2/M 

phase upon exposure to CuO-NPs and the supernatant compared with control cells (Figure 3.19). 

In addition, an increase in the G1 population accompanied by a decrease in the S phase 

population was observed in the cells exposed to CuO-NPs compared to the cells exposed to the 

supernatant (Figure 3.19). Therefore, released Cu ions are responsible for the cell cycle arrest in 

the G2 phase induced by CuO-NPs, while cell cycle arrest in the G1 phase is attributable to 

CuO-NPs themselves. This observation corresponds to the results of gene expression analysis. 
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Figure 3.19 Cell cycle analysis in A549 cells determined by flow cytometry. A549 cells cells 
were cultured for 48 h and then were exposed to CuO-NPs and supernatant for another 24 h. 
Viable cells were harvested and stained with PI. (a) Control cells. These cells were under 
confluent. (b) Cells exposed to 25 µg/mL CuO-NPs for 24 h. (c) Cells exposed to supernatant 
for 24 h. 

A question remains: what causes the toxicity of CuO-NPs themselves? One possibility 

is the effect of Cu ions released from CuO-NPs taken up into cells. When Cu ions are released 

from internalized CuO-NPs, the intracellular concentration of Cu ions increased. Indeed, in cells 

cultured in medium containing 60 µg/mL CuCl2, which has a Cu ion concentration twice of that 

released from CuO-NPs into culture medium, the expression levels of GADD45B, GADD45G, 

FOSB, and ATF3, which were induced by CuO-NPs but not Cu ions released from CuO-NPs 

into culture medium, were upregulated (Table 3.1). These results suggest that the changes in 

gene expression due to CuO-NP exposure might not be due to the nanoparticles themselves but 

rather to the high concentration of Cu ions that are released from internalized CuO-NPs. 
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3.3.5 Proposed mechanism for cellular response to CuO-NPs  

We propose a model for cellular responses to the toxicity of CuO-NPs on the basis of 

these results (Figure 3.20). In this model, CuO-NPs damage both mitochondria and DNA, and 

Cu ions that are released into the culture medium contribute to the mitochondrial damage. In 

addition, released Cu ions generate ROS and lead to cell cycle arrest at the G2 phase by altering 

the expression of various cell cycle genes such as CDC2, CCNB1, TPX2, AURKA, and 

AURKB. Moreover, CuO-NPs induce the expression of many HSPs and strongly arrest the cell 

cycle at the G1 phase by downregulating PCNA. Furthermore, cells that are exposed to 

CuO-NPs avoid cell death by activating the p38 pathway via upregulation of GADD45B and 

GADD45G. We observed numerous CuO-NPs in dead cells compared to viable cells (Figure 

3.21), suggesting that the difference in the amount of CuO-NPs that are absorbed into individual 

cells may determine their fate.  
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Figure 3.20 Model of the molecular responses of cells exposed to CuO-NPs. The boxes outlined 
in blue and red indicate genes that are induced by CuO-NPs and released Cu ions, respectively. 
Orange and light green boxes indicate downregulated and upregulated genes, respectively. The 
solid black lines indicate pathways that are induced by CuO-NPs or released Cu ions, while the 
dotted lines indicate inferred pathways. The gray lines indicate pathways that are not induced by 
CuO-NPs. Cells that survive exposure to CuO-NPs halt their cell cycle progression via 
downregulation of PCNA, CDC2, CCNB1, tTPX2, AURKA, and AURKB. Cell death is also 
prevented by the induction of NR4A1, NR4A3, GADD45B, and GADD45G. In addition, Cu 
ions that are released into the culture medium downregulate CDC2, CCNB1, TPX2, AURKA, 
and AURKB and upregulate NR4A1 and NR4A3. However, the expression of PCNA is only 
downregulated by CuO-NPs. The expression of GADD45B and GADD45G activates the p38 
pathway to prevent cell death. Furthermore, CuO-NPs upregulate the expression of FOS, FOSB, 
and ATF3. These products dimerize with ATF2, which is activated by the p38 pathway, to form 
the AP-1 transcription factor complex. It is not known whether activation of the p38 pathway 
and upregulation of NR4A1/NR4A3 are involved in cell survival via cell cycle arrest. The 
induced expression of GADD45B and GADD45G is thought to be due to the absorption of Cu 
ions that are released from CuO-NPs into cells. 

Finally, we examined toxicity of CuO-NPs using primary human lung epithelial cells. 

CuO-NPs and Cu ions also showed a toxic effect on primary cells (Figure 3.22). In addition, 

primary cells upregulated expression of genes involved in MAPK pathways such as 

GADD45B/GADD45G and NR4A1/NR4A3, which is similar to that in A549 cells (Figure 

3.22). However, expression of several genes related to cell cycle regulation such as PCNA, 

CDC2, and AURKB showed a different pattern from that of A549 cells.  
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Figure 3.21   CuO-NPs in dead cell observed by TEM. Black dots indicate aggregates of 
CuO-NPs. Cells were cultured in medium with 25 µg/mL CuO-NPs for 24 h, and then dead cells 
detached from culture dish were harvested. Right panel is a magnified image of leaflet in left 
panel. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 Cytotoxicity of CuO-NPs and Cu ions to primary human lung epithelial cells and 
change of gene expression. (a) Comparison of CuO-NPs toxicity between primary human 
epithelial cells (SAEC) and A549 cells. (b) Comparison of Cu ion toxicity between SAEC and 
A549 cells. (c-e) Expression level of genes in SAEC. Genes in (c) upregulated in CuO-NPs but 
not in 30 µg/mL CuCl2 in A549 cells. SAEC cells showed similar pattern. Genes in (d) 
upregulated in both CuO-NPs and 30 µg/mL CuCl2 in A549 cells. SAEC cells showed similar 
pattern. Genes in (e) downregulated in both CuO-NPs and 30 µg/mL CuCl2 in A549 cells. 
SAEC cells showed similar pattern in CCNB1, AURKA and TPX2, but not PCNA, CDC2 and 
AURKB. For gene expression analysis, SAEC cells were exposed to media containing 25 
µg/mL CuO-NPs or 30 µg/mL CuCl2 for 24 h. 
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This study demonstrated that change of gene expression in A549 cells exposed to 

CuO-NPs is similar to that of cells exposed to CuCl2, which suggests that Cu ions that are 

released from CuO-NPs inside and outside cells may be the primary cause of their cytotoxicity. 

However, our model established using A549 cells does not completely explain the molecular 

responses to the toxic effects of CuO-NPs. For example, although CuO-NPs down-regulated 

PCNA, a high concentration of CuCl2 did not have a similar effect. In addition, our model does 

not entirely apply to primary human lung epithelial cells because some of genes showed 

different expression patterns from that of A549 cells. Further studies are needed to elucidate the 

differences in molecular mechanism of primary cells from that of A549 cells demonstrated in 

this study. 

3.4 Conclusions 

CuO-NPs showed strong cytotoxicity to carcinomaderived human lung epithelial A549 

cells in vitro. CuO-NPs upregulated genes, which involved in MAPK pathways such as 

GADD45B/GADD45G and NR4A1/NR4A3, while downregulated genes which involved in cell 

cycle progression. Of these changes in gene expression, upregulation of NR4A1/NR4A3 and 

downregulation of genes related to cell cycle progression were attributed to Cu ions released 

from CuO-NPs into culture medium. Although GADD45B/GADD45G were not induced by Cu 

ions released into culture medium, higher concentration of Cu ions prepared from CuCl2 

enhanced the expression. The results indicated that change of gene expression involved in 

MAPK pathways and cell cycle progression in cells exposed to CuO-NPs was similar to that in 

cells exposed to Cu ions. 
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Chapter 4 Summary 

Nowadays, human exposure to the engineered nanoparticles has become inevitable 

since nanoparticles are more and more widely used in various industries and products. Among 

the nanomaterials, metal oxide nanoparticles are widely applied because of their unique 

properties, but the toxicity of them has also been reported by both in vitro and in vivo 

assessments. For the recent controversial reports on the mechanism of zinc oxide nanoparticles 

(ZnO-NPs) cytotoxicity and the dramatic cytotoxicity of copper oxide nanoparticles (CuO-NPs), 

we focused on the study on the molecular mechanism of human lung epithelial cells (A549 cells) 

in response of exposure to them. By analyzing the global gene expression with micro array 

technology, we proved the ROS was critical not only in toxicity of the transient metal oxide 

nanoparticles (CuO-NPs) but also in the toxicity of semiconductor metal oxide nanoparticles 

(ZnO-NPs). Furthermore, we discovered that CuO-NPs and ZnO-NPs produced ROS and killed 

the cells in the different ways. 

In chapter 1, general information on the nanomaterials and the nanotoxicity was 

introduced to clarify the concepts in present study. Also, the origin of the healthy risk concern 

about the nanomaterials and the new anxiety raised by the nanotechnology were combed to 

explain the necessity of our study. The development of nanotoxicity research was summarized 

and the discrepancies of these studies on nanotoxicity were discussed to explain the object of 

the present study. 

In chapter 2, to clarify the controversial report on the cytotoxicity of ZnO-NPs, we tried 

to identify the respective contributions of the released zinc and the solid particles to the 

cytotoxicity of ZnO-NPs, we exposed A549 cells to the ZnO-NPs suspensions, their extractions 

collected with centrifugation and the medium containing zinc chloride (ZnCl2), then we assayed 

the cytotoxicity with water soluble tetrazolium salts (WSTs) and the intracellular reactive 

oxygen species (ROS) with the 2`,7`- dichlorodihydrofluorescin diacetate (DCFH-DA). Only 
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the ZnO-NPs suspension brought about the cytotoxicity and the increase of intracellular ROS; 

the extractions and ZnCl2 had no effect on the cells. However the subsequent global gene 

expression analysis revealed that “cadmium binding category” was the only one gene functional 

category which was up-regulated not only by ZnCl2 medium also by ZnO-NPs suspension. This 

category consisted of metallothioneins (MTs), the important zinc-toxicity neutralizing proteins. 

We inhibited the over expression of MTs with the corresponding siRNA, and found that the 

released zinc contributed to the ZnO-NPs cytotoxicity. We conclude that both of the solid 

particles and the released zinc contribute to the ZnO-NPs cytotoxicity, further we propose the 

synergic relationship of them through disabling the MTs via ROS. 

In chapter 3, the toxicity mechanism of CuO-NPs was discussed with global gene 

expression analysis because CuO-NPs were proved to be the most toxic nanoparticles among 

the most widely used nanomaterials.  With the same analysis methods, this study proposes a 

molecular mechanism for lung epithelial A549 cell response to CuO-NPs related to Cu ions 

released from CuO-NPs with the same analysis methods as in previous ZnO-NPs research. Cells 

that survived the exposure to CuO-NPs arrested the cell cycle as a result of the down-regulation 

of proliferating cell nuclear antigen (PCNA), cell division control 2 (CDC2), cyclin B1 

(CCNB1), target protein for Xklp2 (TPX2), and aurora kinase A (AURKA) and B (AURKB). 

Furthermore, cell death was avoided through the induced expression of nuclear receptors 

(NR4A1 and NR4A3) and growth arrest and DNA damage-inducible 45 β and γ (GADD45B 

and GADD45G, respectively). The down-regulation of CDC2, CCNB1, TPX2, AURKA, and 

AURKB, the expressions of which are involved in cell cycle arrest, was attributed to Cu ions 

released from CuO-NPs into medium. NR4A1 and NR4A3 expression was also induced by Cu 

ions released into the medium. The expression of GADD45B and GADD45G activated the p38 

pathway that was involved in escape from cell death. The upr-egulation of GADD45B and 

GADD45G was not observed with Cu ions released into medium but was observed in cells 

exposed to CuO-NPs. However, because the expression of the genes was also induced by Cu ion 
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concentrations higher than that released from CuO-NPs into the medium, the expression 

appeared to be triggered by Cu ions released from CuO-NPs taken up into cells. We inferred 

that, for cells exposed to CuO-NPs, those able to make such a molecular response survived and 

those unable to do so eventually die. 
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