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Zusammenfassung 

I 

Zusammenfassung 

Metallische Nanopartikel und ihre Oxide (z.B. ZnO NP, TiO2 NP und Fe2O3 NP) werden 

aufgrund ihrer chemischen und physikalischen Eigenschaften häufig als Additive in der 

Reifenproduktion, in Katalysatoren, Lebensmitteln, Arzneimitteln und Kosmetikprodukten 

verwendet. Künftig wird ein kontinuierlicher Anstieg der industriellen Anwendung (~ 1663 

Tonnen im Jahr 2025) mit gesteigerter Freisetzung in die Umwelt erwartet, was 

zwangsläufig zu einer vermehrten Aufnahme über das respiratorische Epithel führt. 

Metalldampffieber ist als gesundheitsschädigender Effekt von Metalloxid-haltigen 

Aerosolen (z.B. ZnO) nach Inhalation bekannt. Immunreaktionen, wie beispielsweise 

Entzündungen, werden häufig mit der Entstehung von Sauerstoffradikalen (ROS) in 

Verbindung gebracht, die wiederum zu DNA-Schäden führen können. Drei mögliche 

Ursachen der Genotoxität werden angenommen: direkte Interaktion von Nanopartikeln 

mit intrazellulären Strukturen, Interaktion von Ionen dissoziierter Partikel mit 

intrazellulären Strukturen sowie die Entstehung von ROS initiiert durch Partikel oder 

Ionen. 

Die vorliegende Studie befasst sich mit den Mechanismen der Genotoxizität von ZnO 

Nanopartikeln (ZnO NP), als Beispiel für metallische Nanopartikel, im respiratorischen 

Epithel. In der Studie wurde gezielt die intrazelluläre Aufnahme und Verteilung von 

ZnO NP, deren Toxizität, deren DNA schädigendes Potential sowie die Aktivierung der 

DNA damage response (DDR) analysiert. 

Es konnten kaum internalisierte ZnO NP mittels TEM detektiert werden. Innerhalb der 

ersten Sekunden nach Behandlung mit ZnO NP wurde spektrofluorometrisch ein starker 

Anstieg der intrazellulären Zn2+ Konzentration gemessen. In unbehandelten Zellen war 

Zn2+ in granulären Strukturen lokalisiert. Die Behandlung mit ZnO NP führte zu einer 

Akkumulation von Zn2+ in diesen Strukturen. Im zeitlichen Verlauf verlagerten sich die 

Zn2+-Ionen in das Zytoplasma, sowie in Zellkerne und Mitochondrien. Es wurde keine 

Kolokalisation von Zn2+ mit den frühen Endosomen und dem endoplasmatischen 

Retikulum beobachtet. Die Vorbehandlung der Zellen mit Diethylen-

triaminpentaessigsäure (DTPA), als extrazellulärem Komplexbildner, verhinderte den 

intrazellulären Anstieg von Zn2+ nach Behandlung mit den Partikeln. 

Die Behandlung mit ZnO NP resultierte in einer zeit- und dosisabhängigen Reduktion der 

zellulären Viabilität, während die intrazelluläre ROS-Konzentrationen in den ersten 

30 min leicht und anschließend kontinuierlich bis zum Ende der Messung anstiegen. 

Außerdem verringerte sich das mitochondriale Membranpotential, während sich die 

Anzahl der frühapoptotischen Zellen in einer zeitabhängigen Weise erhöhte.  
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DNA Doppelstrangbrüche (DNA DSB) wurden mittels Immunfluoreszenz-Färbung der 

γH2A.X foci sichtbar gemacht und konnten nach Behandlung mit ZnO NP detektiert 

werden. Die Vorbehandlung mit dem Radikalfänger N-Acetyl-L-Cytein (NAC) resultierte 

in stark reduzierten intrazellulären ROS-Konzentrationen sowie wenigen DNA DSB. Die 

DNA Schädigung wurde durch Vorbehandlung mit DTPA ganz verhindert. 

Die Aktivierung der DDR wurde durch die Analyse von ATM, ATR, Chk1, Chk2, p53 und 

p21 mittels Western Blot und ELISA nach Behandlung mit ZnO NP überprüft. Der 

ATR/Chk1 Signalweg wurde durch ZnO NP nicht aktiviert. Die Komplexierung von Zn2+ 

resultierte in einer verminderten ATM/Chk2 Signalwegaktivierung. Es zeigte sich, dass 

das Abfangen von ROS keinen Effekt auf die ATM/Chk2 Signalwegaktivierung hatte. 

Zusammengefasst wurde festgestellt, dass die Exposition mit ZnO NP in der Entstehung 

von ROS, reduzierter Viabilität und vermindertem mitochondrialem Membranpotential 

resultiert, sowie zeitabhängig eine frühe Apoptose initiiert. ZnO NP dissoziierten 

extrazellulär und wurden schnell als Zn2+ über unbekannte Mechanismen internalisiert. 

Die Zn2+-Ionen wurden im Zytoplasma, sowie besonders in den Mitochondrien und dem 

Zellkern, akkumuliert. Die DDR Signalgebung wurde durch ZnO NP aktiviert, jedoch 

nicht durch NAC inhibiert. Es wurde gezeigt, dass DTPA die DDR Aktivierung komplett 

inhibierte. Die Behandlung mit ZnO NP induzierte DNA DSB. Die Inhibition von ROS 

reduzierte die DNA DSB und die Komplexierung der Zn2+ verhinderte die Entstehung von 

DNA DSB. 

Diese Daten sprechen für die Dissoziation der Partikel und die hierbei freigesetzten Zn2+ 

als Hauptmediator der Genotoxizität metallischer Nanopartikel.  
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Abstract 

Metallic nanoparticles including their oxides (e.g., ZnO NP, TiO2
 NP, and Fe2O3 NP) are 

widely used as additives in rubber industry, catalysts, foods, pharmaceuticals and 

cosmetics, because of their chemical and physical properties. Prospectively, a 

continuous rise of industrial application (~1663 tons in 2025) is estimated with an 

increasing release into the environment, and further unavoidable intake by humans e.g., 

through the respiratory epithelia. Acute metal fume fever is known as an adverse health 

effect of aerosol inhalation containing metal oxides (e.g., ZnO). Immune responses such 

as inflammation are often associated with the generation of reactive oxygen species 

(ROS), which possibly initiate DNA damages. Three reasons of genotoxicity are 

assumed: direct interaction of nanoparticles with intracellular structures, interactions of 

dissociated ions from particles, and the generation of ROS initiated by the particles or 

ions. 

The present study paid particular attention to the mechanisms of genotoxicity in 

respiratory epithelia exposed to zinc oxide nanoparticles (ZnO NP), as example for 

metallic nanoparticles. The study aimed to investigate the intracellular ZnO NP uptake 

and distribution, toxicity, DNA damaging potential, and DNA damage response (DDR) 

activation. 

Internalized ZnO NP were infrequently detected by TEM. Strongly increased intracellular 

Zn2+ levels were measured in the first seconds after treatment with ZnO NP by 

spectrofluorometry. In untreated cells Zn2+ is located in granular structures at basal 

levels. Treatment with ZnO NP led to an accumulation of Zn2+ in these structures. In the 

period of time, Zn2+ shifted to the cytoplasm, nucleus, and mitochondria. No co-

localization of Zn2+ with early endosomes and endoplasmatic reticulum was detected. 

Pretreatment of the cells with the extracellular chelator diethylene triamine pentaacetic 

acid (DTPA) prevented intracellular Zn2+ increase after particle treatment. 

ZnO NP treatment resulted in a time- and concentration-dependent reduction of cellular 

viability, while ROS-levels increased slightly in first 30 min and continuously afterwards 

until end of measurement. Furthermore, the mitochondrial membrane potential 

decreased whereas the amount of early apoptotic cells raised in a time-dependent 

manner. 

DNA double strand breaks (DNA DSB) were detected after ZnO NP treatment by 

visualization of γH2A.X foci. Pretreatment with the ROS scavenger N-acetyl-L-cysteine 

(NAC) resulted in strongly decreased intracellular ROS-levels as well as reduced DNA 

DSB. However, pretreatment with DTPA prevented DNA damages entirely.  



Abstract 

IV 

The activation of the DDR was shown by analysis of ATM, ATR, Chk1, Chk2, p53, and 

p21 after ZnO NP exposure performing Western blots and ELISA measurements. In 

contrast, the ATR/Chk1 pathway was not activated by ZnO NP. The complexation of Zn2+ 

resulted in impaired ATM/Chk2 pathway activation. However, ROS scavenging had no 

effect on ATM/Chk2 pathway activation, i.e., signaling remained activated.  

Altogether, it was found that ZnO NP treatment resulted in increased intracellular ROS-

levels, reduced viability and decreased mitochondrial membrane potential, and they 

initiated early apoptosis in a time-dependent manner. ZnO NP dissociated extracellular 

and Zn2+ were quickly internalized by an unknown mechanism. The Zn2+ ions were 

accumulated in the cytoplasm, the nucleus, and the mitochondria. DDR signaling was 

activated by ZnO NP but not inhibited by NAC, while a completely inhibition of DDR 

activation was shown after pretreatment with DTPA. Treatment with ZnO NP generated 

DNA DSB. ROS scavenging reduced DNA DSB, and Zn2+ complexation prevented DNA 

DSB.  

These data suggest particle dissociation and the released Zn2+ seems to be the main 

mechanism of metallic nanoparticle genotoxicity.  
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ROS reactive oxygen species 
RPA replication protein A 
RT room temperature 
SD  standard deviation  
SDS  sodium dodecyl sulfate   
SDS-Page sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Ser serine  
SG space group 
SiO2 NP silicon dioxide nanoparticle(s) 
SOD superoxide dismutase 
SSC side scatter 
t1/2 half-life 
TEM transmission electron microscopy 
TiO2 NP titanium dioxide nanoparticle(s) 
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1 Introduction 

1.1 Nanotechnology  

Nanomaterial is commonly defined as an object of 1-100 nm in one or more dimensions 

including nanofibers, nanogels, nanotubes, and nanoparticles1. The diameter of a 

nanoparticle is corresponding in size to approximately 500 atoms. Furthermore, in a 

biological view it has the dimension of enzymes and receptors2,3. The environmental 

behavior of nanoscaled material is often different to their bulked material4–6. 

Nanoparticles show changes in their properties due to an increased surface to volume 

ratio compared to their bulk material. The chemical reactions take place on the particle 

surface and in comparison to bulk material, nanoparticle have an increased chemical, 

biological, and catalytically behavior. In 2015, earnings of $ 1 trillion in this sector are 

predicted and 5.3 % of these industrial products are related to medical applications7,8. In 

the last decade 485 companies in 24 countries have been established and brought more 

than 1000 products to market7,9. In contrast to the benefits of nanoscaled materials, 

many scientists have increasingly concerns about the environmental release (estimated 

~500 tons in 2009 in the U.S.) and linked possible adverse health effects10.  

 

1.1.1 Metal oxide nanomaterials 

Many metals and metal oxides are able to form nanoscaled materials. Metallic 

nanoparticles have many useful properties and have been used since the middle ages 

(e.g., ornamental decoration) in the form of colloids or soils11. They display enhanced 

optical, electrical, chemical or magnetic qualities. Metal and metal oxide nanoparticles 

can be easily synthesized from bulk material and modified on their surface 

(e.g., conjugated antibodies, ligands), which opens a wide range of applications12. There 

are two main approaches for fabricating metal oxide nanoparticles or manipulating 

devices, the bottom up and the top down principal. The bottom up path refers to the build 

up of a nanomaterial from the bottom, i.e., atom by atom. In contrast the top down 

approach refers to slicing or cutting bulk material into nanoscaled material13,14. Metal 

oxide nanoparticles are the most highly used nanoparticles in industrial applications. The 

global market report for metal oxide nanoparticles (2013) estimates an increase from 

270,041 tons in 2012 to 1663,168 tons in 202515. The mostly used metal oxide 

nanoparticles in consumer products are SiO2 NP, TiO2 NP, and ZnO NP16. Ivask et 

al. (2015) showed that SiO2 NP, TiO2 NP, and ZnO NP have toxic effects on different cell 

lines17. Brunner et al. (2006) suggested that ZnO NP may easily dissolute and the 

particles show therefore an enhanced toxic behavior18. The industrial application of metal 
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oxide nanoparticles is booming and has promising characteristics but also possible 

adverse effects as hypothesized for e.g., ZnO NP.  

 

1.1.2 Zinc oxide and its application in industrial production 

The annual production of zinc oxide (ZnO) is more than 1.2 million of tons worldwide. Far 

East, especially China, is by far the biggest producer and processor with 38 %, followed 

by the European Union with 31 % (Figure 1A)19. ZnO is widely used as an additive in 

industrial production, e.g., rubber industry, ceramic and class compositions, catalysts, 

foods, pharmaceuticals, and cosmetics (Figure 1B)20. According to different sources, the 

global annual production of nanoscaled ZnO is estimated between ~ 500 and 

33,400 tons13,16,21. ZnO is a multifunctional inorganic compound and has interesting 

chemical and physical properties such as a wide range of UV absorption, high 

photostability, biocompatibility and biodegradability14,19,20,22. Pure microcrystalline ZnO is 

a white inorganic salt and has a molecular weight of 81.37 g/mol. ZnO is reacting 

amphoterically with alkalis and acids20. ZnO is used in food industry as a substitute for 

zinc as an essential trace element. The antimicrobial and UV protective properties of 

ZnO make it a perfect component in industrial production of food packing material. In 

pharmaceuticals ZnO is often used because of its antiseptic properties in powders, 

creams and ointments, especially for babies. ZnO strongly absorbs UV light and is 

therefore applied in sunscreens. This versatile utilization in industrial production leads to 

an increased implementation in daily life and an increased environmental release. 

 

Figure 1:  Application and worldwide distribution of ZnO  

(A) Worldwide distribution of ZnO production and application. The Far East, especially China, is the most 
dominant supplier of ZnO (approx. 38 %). It is followed by Europe (approx. 31 %) and North America 
(approx. 18 %). (B) Rubber production is the most important application of ZnO (e.g., tires). A further 
utilization is the ceramic industry followed by chemical and electronic production. The total use of ZnO in 
pharmaceuticals is less than 10 % but is expected to increase, due to its wide range of application (adapted 
from:19,20). 
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1.2 Mechanisms and consequences of particle uptake 

Increasing industrial manufacture and use of nanoscaled materials lead to environmental 

release and therefore enrichments in air, soil, water, and plants, followed by an 

unavoidable exposure to humans. The amounts of nanomaterial intake for humans 

depend on the level of deposition, injection, inhalation or ingestion over the skin, 

gastrointestinal- or respiratory tract (Figure 2). The nanoparticle uptake depends on 

particles size, concentration and surface modification.  

 

Figure 2:  Uptake and translocation pathways of nanomaterial 

Nanoparticles can be taken up by deposition, inhalation or ingestion. The illustration gives an overview of 
already investigated uptake routes (cf. confirmed             ) and hypothetical routes (cf. potential             ) of 
nanoparticles. The primary uptake pathways are through the skin, gastrointestinal and respiratory tract. After 
assimilation, the particles are translocated in the blood and further directly or indirectly distributed to the 
organs. The distribution rates are still unknown and need to be established. The uptake mechanisms as well 
as the translocation and distribution are dependent on physico-chemical characteristics of the nanomaterial. 
The affiliated particles may get excreted by sweat, exfoliation, breast milk, urine and feces (adapted from:23). 
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1.2.1 Skin 

Nanoparticles are used in many cosmetics and textile products, resulting in a direct 

contact to the human skin. ZnO NP are utilized as inorganic filters in sunscreens like 

TiO2. These compounds can reflect and absorb UV light, especially UV-A and UV-B 

radiation. Due to its antibacterial effects, ZnO is frequently used as a component in 

cosmetics, pharmaceutical creams, and shower gels. Therefore, possible deposition in 

the skin has been investigated in recent studies24–26. ZnO in sun blocker was identified 

as a reducer of cellular viability in keratinocytes27. The accumulation of particles in the 

skin is depending on size, surface, and skin integrity. New findings demonstrate a 

deposition of particles in the upper dermal layer, but single particles are penetrating to 

the lymph and further to the blood system24,26,28,29. Despite these data, ZnO NP in 

cosmetic products are still classified as harmless24,26,30.  

 

1.2.2 Gastrointestinal tract 

The gastrointestinal tract (GI) represents another uptake pathway of ingested 

nanoparticles. The kinetics of particle distribution depend on the metabolic pathways by 

persorption in the extrusion zone, passage over tight junctions, and receptor-mediated 

endocytosis of enterocytes or transcytosis by M cells of the peyer’s plaques31–34. An 

animal study, published by Szentkuti et al. (1998), showed that particles with a cationic 

surface charge were caught by the mucosa, while the carboxylated particles were taken 

up by diffusion35. Swallowing contaminated food with nanomaterial may lead to GI 

damage36. Studies on enterocytes of Xenopus laevis showed an impact of metallic 

nanoparticles, especially ZnO NP on ROS generation, inflammation, and necrosis37.  

 

1.2.3 Respiratory tract 

The respiratory tract, with a surface area of 1400 m2, is besides the skin (2 m2) and the 

gastrointestinal tract (200 m2), the primary contact organ with the environment38. The 

lung has an total average lung capacity of 6 L and is therefore the main entry pathway of 

nanoscaled materials33,38,39,40. The respiratory tract is divided into the upper and lower 

region. The upper region includes the nose, paranasal sinuses, pharynx and a part of the 

larynx (above the vocal cords), known as airways. The airways comprise a distance of 

2.300 km and transport the air inside and outside the human body. Due to its viscous 

layer, it is a barrier between air and blood39. The lower region includes the larynx (below 

the vocal cords), trachea, bronchi and bronchioles. This lower respiratory tract is also 

known as alveoli. 300x106 alveoli are located in the lung, which are responsible for gas 
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exchange39. The area of gas exchange and the blood capillaries are separated by a thin 

wall of about 0.5 micron. Because of the large surface area of the alveoli, protection 

against the environmental intake (e.g., nanoparticles) is worse compared to the 

airways39. Oberdoerster et al. (1995) demonstrated significant differences between 

nanoparticles and larger particles (known as bulk material) of inhaled material in 

deposition and clearance23. The fractional deposition of inhaled particles in the 

nasopharyngeal/-laryngeal, tracheobronchial and alveolar region of respiratory tract was 

analyzed23,41. Inhaled particles between 1 nm and 50 nm are enriched in all regions, 

while larger particles (> 1 µm) are mainly deposited in the nasopharyngeal area (Figure 

3)23,41. 

 

Figure 3:  Pathways of nanoparticle clearance and deposition in the respiratory epithelia 

The different arrows show possible clearance pathways of the respiratory epithelia. Possible depositions of 
inhaled nanoparticles during nose breathing are shown for the nasopharyngeal (blue), tracheobronchial 
(green) and alveolar region (red) of the respiratory epithelia. The clearance as well as the deposition is 
dependent on size and surface modifications of nanomaterial (adapted from:18,23,41). 

 

The upper airways possess a mucociliary clearance that exports inhaled particles39. The 

classical clearance pathways are demonstrated in Figure 3. Biosoluble nanomaterials 

may undergo a chemical clearance due to extra- or intracellular milieu (pH)23. In the 

alveoli the clearance of particles smaller than 2.5 µm is cell mediated by phagocytosis of 

macrophages33,39,42–46. Alveolar epithelial cells are divided into type I cells with a direct 

connection to vascular endothelial cells and the surfactant producing type II cells47. The 

surfactant proteins are known for their pathogen opsonising function and affect on 
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phagocytosis. The activation of macrophages results in the release of immune mediators 

such as cytokines, chemokines and reactive oxygen species (ROS)33,34,38,39,42,44,45. 

Nanoparticles can overcome the defence mechanisms in dependence of their 

characteristics, concentration and exposure time. Jachak et al. (2012) discovered that 

small nanoparticles are naturally stuck in mucosa, but for some metal oxide 

nanoparticles, especially ZnO NP, an uptake in epithelial cells was observed48. The 

inhalation of nanoparticles may lead to lung diseases as shown for ZnO NP. The 

exposure to ZnO NP showed an increased occurrence of observed goblet cells and 

histological changes of pulmonary tissue associated with fibrosis in rats49. Furthermore, 

the inhalation of certain metal oxides (e.g., ZnO) may cause metal fume fever associated 

with symptoms such as fever, chills, headache and fatigue50–52. Vandebriel et al. (2012) 

reviewed different studies on mammalian nanoparticle toxicity and illustrated that 

inhalation or instillation of ZnO NP leads to lung inflammation and systemic toxicity53. 

 

1.2.4 Cellular uptake of nanomaterials 

Mammalian cells use the energy-dependent process of endocytosis to receive energy or 

communicate with their biological environment by internalization of nutrients and 

signaling molecules54,55. There are four pathways for cellular uptake of nanoscaled 

material called clathrin/caveolar mediated endocytosis, phagocytosis, micropinocytosis 

and pinocytosis. Efficiency of nanoparticle internalization is dependent on their physico-

chemical properties such as size, surface chemistry and shape. The clathrin/caveolar 

mediated endocytosis is the most important pathway for nanomaterials, because of an 

immediately covering of nanoparticles with plasma proteins gathering physiological 

solutions55–58. This process is receptor-mediated and enables a cellular uptake of small 

particles with a maximum size of 100 nm in diameter59. The pathway of phagocytosis is 

actin-dependent and used by phagocytic cells, which internalize particles larger than 

0.5 µm55,60. The micropinocytosis and pinocytosis are an unspecific internalization 

mechanism of fluids and small nanoparticles (< 10 nm)61. The endocytic mechanism 

comprises distinct membrane compartments. Early endosomes (EE) are rapidly formed 

and usually located in the cytoplasm close to the plasma membrane, serving as a focal 

point of endocytosis and absorb vesicles from the cellular surface62. The main attributes 

of EE are the mildly acid environment and tubule-vesicular structure associated with their 

sorting function of dissociated ligands for further endocytic steps62. Late endosomes (LE) 

adhere to different membrane vesicles and proteins (e.g., acid hydrolases) receiving the 

pre-sorted material of the EE. The LE are acidic with a pH of 5.5 mediating a final 

merging prior to lysosomal transfer63. The pH of lysosomes (L) is at 4.8, which implodes 
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carbohydrates, fats, proteins and cellular waste in usable compounds for cellular 

functions64. In contrast to endocytic pathway, exocytosis involves the fusion of secretory 

vesicles with the inner surface of the plasma membrane and the releases of their content 

into the extracellular space65. Internalized nanomaterials can exit the cell via exocytosis 

by lysosomal-, vesicle-related- and non-vesicle-related secretion55. The regulated 

exocytic pathway enables a fast response of already existent vesicles and is generally 

triggered by a high concentration of free cytosolic Ca2+ 66–69. The particle uptake is 

dependent on several factors such as form, size, surface charge, cell type, cell culture 

medium, and particle surface modification48,53,70. The cellular uptake of ZnO NP is rarely 

observed. Two possibilities are the ZnO NP upake as well as the uptake of Zn2+ 

dissociated from the particles. Hackenberg et al. (2011) observed an uptake of ZnO NP 

and an agglomeration inside the cytoplasm and nucleus but they coated the paricles with 

BSA reducing particle dissociation71. Kao et al. (2012) hypothesized an endosomal 

uptake for ZnO NP and a fast dissociation of the particles due to the acidic pH of 

endosomes72. 

 
Figure 4:  Cellular uptake and release of nanoparticles  

Four different types of cellular nanoparticle entry are described. The nanoparticles enter the cell by 
clathrin/caveolar mediated endocytosis, macropinocytosis, phagocytosis and pinocytosis. After affiliation, the 
particles can deposit the intracellular space or can be secreted by lysosomes, by vesicles or in a non 
vesicle/lysosomal associated pathway (adapted from:55).  
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1.3 Nanotoxicity 

Within the last two decades, the discipline of nanotoxicology has been developed in line 

with the rapid engineering of nanotechnology. Although the environment and humans 

have been exposed to respirable dust throughout their evolutionary stages, the 

anthropogenic sources of nanomaterials have drastically been increased during the last 

decade23. Risk assessments of nanoscaled material are still unsatisfactory investigated 

and more information about the safety and the potential hazards are urgently needed23. 

Therefore, the nanotoxicology is a “sub domain” of toxicology which is defined as the 

effects of nanosized material impacting environmental condition and human health. The 

toxicological effect of nanomaterial could be observed in the case of synthetically 

produced particles as well as in by-products of burnt and fractionated material73,74. The 

research of nanotoxicity has shown a remarkable complexity of cellular interactions with 

nanomaterials. Researchers address the interactions of the release focusing on the 

physico-chemical properties of the nanoparticles. Possible mechanisms of nano-

toxicology are inflammation, ROS generation, direct structural interactions, DNA 

damages, apoptosis, and the effect of released ions. 

 

1.3.1 Inflammatory potential of nanomaterial 

Inflammation is a central process of nanoparticle-induced adverse health effect75. The 

inflammatory potential of inhaled metal oxides has been established for decades as 

acute metal fume fever syndrome50,52. The exposure to ZnO NP is accompanied by an 

impressive pulmonary cellular response, characterized by the appearance of short time 

symptoms after inhalation and healing of metal fume fever within 24 h76. The tissue 

inflammation is initiated and regulated by cytokines, a class of signaling molecules. 

Cytokines are involved in many signaling processes including cell growth, -differentiation, 

and the recruitment of immune cells77–79. McCreanor et al. (2007) investigated  effects of 

diesel exhaust on respiratory epithelia and observed inflammatory responses 

predominantly induced by neutrophiles with increased levels of IL-8 and 

myeloperoxidase in the supernatant of the sputum80. Further, the exposure of pulmonary 

dendritic cells to ZnO NP as component of exhausts resulted in secretion of cytokines81. 

 

1.3.2 ROS generated by nanomaterials 

ROS is a collective term which summarizes molecules with at least one unpaired 

electron assigning reactivity to a variety of biological targets. They are also defined as 

free radicals which naturally arise as by-product of anaerobe metabolism characterized 
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by a high instability. The class of ROS contains the O2-derived free radicals called 

superoxide anion (•O2
-), hydroxyl (HO•), peroxyl (RO2•), and alkoxyl (RO•) as well as the 

O2-derived nonradical species such as hydrogen peroxyde (H2O2) and hypochlorous acid 

(HOCl)82–85. High doses of ROS often induce cellular damages to DNA, proteins and 

lipids, which is summarized as oxidative distress, while low levels serve as regulator 

molecule in biological redox signaling86,87. Endogenous sources of ROS by-products of 

cellular metabolism and respiration are generated by NADPH oxidases. Organelles, such 

as mitochondria or peroxisomes, produce hydrogen peroxide as a by-product using 

enzymes (e.g., p450 cytochromes), which catalyze the oxidative reduction88. During the 

cellular respiration in mitochondria, oxygen is reduced in a gradual electron transport 

chain88. Exogenous sources of ROS are generated by chemical and physical exposures 

e.g., pollutants, smoke, radiation and metals89. Recent studies suggested possible 

harmful activities of metals (e.g., Zn2+, Fe2+) through the modulation of the intracellular 

redox state, at least in part of Fenton and/or Haber-Weiss reactions52,90. 

 

Figure 5:  Fenton reaction as exemplified for iron ions 

The dissociated ions possibly enhance the production of ROS in mitochondria through 

disregulated ΔΨm and autooxidation of thiol groups91. The human body has developed 

different defense mechanisms against ROS. Antioxidant enzymes (e.g., SOD) as well as 

scavengers (e.g., glutathione) are avoiding the oxidative degradation88. The relation 

between glutathione (GSH) and oxidized glutathione disulfide (GSSG) serves as sensor 

for an imbalance between ROS and the intracellular defense mechanisms. Walther et 

al. (2000) showed that Zn2+ are able to inhibit the glutathione reductase which further 

synergistically enhanced the oxidative stress92. In case of an insufficient defense the 

ROS sensitive MAPK- and NF-КB signaling is activated to induce the expression of 

proinflammatory cytokines, chemokines and adhesion molecules93. Continuously 

generated ROS and reduced scavenging by antioxidants lead to increased oxidative 

distress. This cellular situation is associated with many health impairments such as 

cardiovascular, neurological or psychiatric diseases and cancer87,94–96. However it is not 

proven, whether the generated oxidants trigger the disease or ROS is induced as a side 

effect of the disease97.  
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1.3.3 Interaction of nanoparticles with intracellular structures 

After cellular uptake and penetration of the particles through the plasma membrane, 

different interactions between the nanoparticles and the intracellular structures are 

conceivable. Researchers suggested the direct interaction of nanoparticles with cellular 

structures as possible toxic mechanism. Moschini et al. (2013) detected an interference 

of mitochondrial and lysosomal functions as well as an impairment of the mitochondrial 

membrane after particle treatment as evidence of a direct particle-cell-interaction98. 

Beside the generation of energy through oxidative phosphorylation of ATP, the 

mitochondria are necessary for important cellular regulations such as apoptosis and 

cellular calcium and redox homeostasis99–101. The effect of nanoscaled materials on 

mitochondria has diverse consequences to cellular viability and depends on particle size 

and surface chemistry. Different studies have shown that colloidal Ag-coated gold NP, 

black copolymer micelles and multi-walled nanotubes of approximately 50 nm are 

aggregated nearby or even inside the mitochondria23,102–106. Another study demonstrated 

that gold NP (3 nm, diameter) penetrate through the outer mitochondrial membrane via 

voltage-dependent anion channels. Salnikov et al. (2007) and others interpret these 

observations according to the mitochondrial swelling, permeability transition, morphology 

changes, intracellular Ca2+ influx and loss of cristae93,105,107. Qi et al. (2005) observed a 

loss of mitochondrial membrane potential (ΔΨm) in gastric carcinoma cells induced by 

chitosan NP108. The ΔΨm is linked to caspase activity by initiating the cyt c release 

resulting in apoptosis109. After endocytic uptake of nanoparticles (e.g., ZnO NP), they 

interact with lysosomes and may impair their formation and function110–112. Lysosomes 

contain hydrolases that degrade different cellular macromolecules113. Liposomal 

overload followed by cellular generation of ROS may lead to a collapse of lysosomal 

membrane permeabilization (LMP). Yuan et al. (2002) asserted that the induction of 

apoptosis by primary lysosomal destabilization is p53 dependent114. Cho et al. (2011) 

observed a lysosomal destabilization after treatment with metal oxide particles. They 

suggested that a high local ion concentration led to LMP damage which results in cell 

death115. The reaction of radicals with fatty acids leads to the generation of lipid peroxyl 

radicals, which put a chain reaction in motion. This possibly leads to loss of membrane 

integrity, release of LDH, and intracellular increase of ROS. The release of LDH was 

observed after treatment with ZnO NP for up to 24 h indicating the loss of membrane 

integrity116,117. The nuclear internalization of nanoparticles is not completely understood 

yet, nevertheless some investigators refer to a nuclear uptake of small particles through 

nuclear pores via passive diffusion118–120. Panté et al. (2002) suggested that 
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nanoparticles (> 39 nm) interact with specific transport receptors to enter the nuclear 

envelope119.  

 

1.3.3.1 Programmed cell death induced by nanoparticles 

Exposure to nanoparticles may lead to cellular damages resulting in apoptosis or 

necrosis. Apoptosis is a normal physiological process during development. Additionally, 

for cells with intolerant amounts of DNA damages, the apoptosis is activated by DDR121. 

The complex process of apoptosis is expired through at least two pathways, the extrinsic 

and the intrinsic pathway122. The activation of the extrinsic signal cascade occurs by 

receptors of the tumor necrosis factor (TNF), family binding extrinsic ligands (FasL, 

TNF-α), and transducing intracellular signals initiating caspase activity122,123. The intrinsic 

apoptotic process is linked to the mitochondria122,124. In presence of DNA damage, 

activated p53 promotes the expression of diverse pro-apoptotic genes such as Puma, 

Noxa or Bax of the Bcl-2 family104,121,125. The activation of the pro-apoptotic signaling 

results in the depolarization of ΔΨm126. The emerging permeabilization of mitochondria 

leads to a cyt c release into the cytosol. Cyt c and dATP bind to Apaf-1 resulting in 

conformation changes of the Apaf-1 protein127,128. Therefore, the CARD domain of Apaf-1 

protein is accessible for pro-caspase 9, which forms a complex referred to apoptosom, 

which then further initiates the caspase activation104,121,127,128,129. The exposition with 

nanoparticles can result in apoptosis through the intrinsic and extrinsic pathways. 

Reactive nitrogen species (RNS) can directly activate the extrinsic pathway through the 

Fas death receptor130. Akhtar et al. (2012) observed a ROS mediated activation of the 

intrinsic pathway through p53 after exposure to ZnO NP131. Furthermore, an induction of 

TNF-α expression via ROS-Erk-Egr-1 pathway activation was observed in keratinocytes 

after ZnO NP treatment132. The Raf/MEK/Erk pathway directly interacts with the 

Ras/PI3K/PTEN/Akt pathway regulating cellular growth, apoptosis and tumorigenesis133. 

Erk1/2 regulates apoptosis by posttranslational phosphorylation of pro-apoptotic 

proteins134. Persons et al. (2000) reported a function of Erk1/2 in DNA damage response 

which leads to stabilization of p53135. Tang et al. (2002) showed as well that Erk1/2 

interacts with p53, resulting in cell cycle arrest or apoptosis136. Both pathways interact 

with p53 and may lead to an alteration of the subcellular localization and activity of pro-

apoptotic proteins (e.g., Puma and Noxa)133. ZnO NP are able to initiate the activation of 

p53-signaling137. Meyer et al. (2011) showed that ZnO NP treatment of human dermal 

fibroblasts lead to a reduced sensitivity to ZnO NP induced apoptosis in p53-knock out 

cells137. Wilhelmi et al. (2013) showed the induction of apoptosis as well as necrosis in 
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macrophages after ZnO NP exposure138. Besides, the ZnO NP may directly induce 

mitochondrial impairments or DNA damages. 

 

1.3.4 Nanoparticle induced genotoxicity 

Various physical and chemical environmental agents (e.g., ionizing radiation, UV light, 

genotoxic chemicals) as well as by-products of physiological processes cause a diversity 

of DNA damages139–142. Metallic nanoparticles are able to damage the DNA indirectly by 

inflammation and oxidative distress143,144. Some DNA aberrations arise by generated 

ROS, from oxidative respiration, or during Fenton reactions initiated by heavy 

metals142,145,146. Furthermore, endogenous DNA damages are induced by free radicals 

generated through lipid peroxidation147. The particle diffusion inside the nucleus is 

thinkable due to their small size. Furthermore, positively charged particles may pass the 

nuclear envelope and possibly interact directly with the negatively charged DNA148,149. 

The most common types of DNA lesions are single strand breaks (SSB), DSB, 

mismatches, and chemical adducts141. The most hazardous type of DNA damages are 

DNA DSB150. SSB, generated by ROS, could be converted to DSB in case of two 

proximate SSBor if the DNA replication encounters SSB during S phase of the cell 

cycle142,151,152. Hackenberg et al. (2011) showed that a repetitive exposure of human 

nasal mucosa cells treated with ZnO NP leads to DNA damages71. Gold NP are known 

to interfere with DNA repair proteins such as BRCA1 or induce the expression of genes 

involved in cell cycle arrest or induction of apoptosis153. The types of DNA damage as 

well as the mechanism of these genotoxicity are not well established. DNA damages 

may lead to apoptosis or mutagenicity mediated directly by metal oxide NP or indirectly 

through their dissociated ions154. 

 

1.3.4.1 DNA damage response 

The cellular response to DNA lesions is attended by a diversity of cell cycle checkpoints 

and activates several DNA repair pathways139. One of the first steps of DNA damage 

response (DDR) is the recognition of DNA damages initiating the phosphorylation of 

histone H2A.X. Rogakou et al. (1998) showed that H2A.X can be phosphorylated on 

Ser 1, ubiquitinated on Lys 119 and acetylated on Lys 5. The rapidly phosphorylation of 

Ser 139 occurs in presence of DNA DSB which makes the difference to other H2A family 

members155. The phosphorylation of Serine on position 139 is termed γH2A.X155. This 

phosphorylation is induced in response to DNA DSB, affected by exogenous agents, 

replication stress or apoptosis155–158. For the first time Sedelnikova et al. (2002) 
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described γH2A.X as specific DNA DSB marker, because of its fast induction and 

amplification around the DSB159. γH2A.X is dephosphorylated by the phosphatase called 

PP2A after DNA damage repair160. Main sensors of the DDR are ataxia telangiectasia 

mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR), which are activated 

and recruited to the DNA DSB and replication protein A (RPA)-coated ssDNA, 

respectively139,161–163. ATM and ATR are members of the PIKK family which specifically 

phosphorylate serine and threonine residues of proteins139,142. ATM is mainly activated in 

presence of DSB, while ATR is activated in response to inhibit DNA replication forks or 

SSB164. The two best studied downstream targets of ATR and ATM are the effector 

kinases Chk1 and Chk2. ATR activates Chk1, whereas ATM activates Chk2165,166. Both 

sensors as well as their effector kinases reduce the activity of cyclin-dependent kinase 

(CDK) through different mechanisms, e.g., by stabilization of p53 in order to inhibit the 

cell cycle, promote DNA repair or initiate pro-/anti-survival signaling 

cascades148,165,167-169,164. The activation of DDR mobilizes DDR proteins to the site of 

damage initiating the damage repair170. 

 

Figure 6:  DNA damage response signaling 

H2A.X is phosphorylated in presence of DNA damage. The DNA DSB is recognized by the MRN complex 
and resulting in the activation of ATM. In response to ATM phosphorylation different DDR proteins are 
recruited to the site of DNA damage. Furthermore, ATM activates a variety of downstream substrates such 
as Chk2, p53, MDM2 and MDM4. DNA SSB become coated with the RPA protein recruiting the ATR-ATRIP 
complex. This complex activates the 9-1-1 complex, which in turn activates ATR. Phosphorylated ATR 
activates their downstream proteins Chk1, p53, MDM2 and MDM4 (adapted from:171). 
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1.3.4.2 P53, the guardian of the genome 

In response to DNA damage, both ATR-Chk1 as well as ATM-Chk2, induce a range of 

posttranslational modifications on p53, leading to cell cycle arrest and damage repair or 

apoptosis for instance171,172. In this context, the p53 is one of the main effectors of DDR. 

P53 is an unstable transcription factor which becomes phosphorylated and stabilized in 

response to cellular stresses, particularly in prescence of DNA damages173–175. The 

activity of p53 is regulated by diverse posttranscriptional and posttranslational 

modifications such as alternative splicing, phosphorylation and conformational 

changes176. The release of p53 from its negative regulator, mouse double minute 2 

(MDM2) and mouse double minute 4 (MDM4), is the key step of p53 stabilization and 

connected to a feedback transcriptional regulation of MDM2156,171,172,176. Under normal 

physiological conditions, p53 is present in an instable form (t1/2 ~30 min) and becomes 

ubiquitylated and proteasomal degradated by E3 ubiquitin ligases or MDM2171,176,177. The 

adapter protein DAXX interacts with the herpesvirus-associated ubiquitin-specific 

protease (HAUSP) and the MDM2171,178. This interaction reduces the auto-ubiquitylation 

activity of MDM2 and further enhances the degradation and turnover of p53171. The 

induction of ATM and ATR during genotoxic cellular stresses induces a wide range of 

p53 modification, resulting in MDM2-DAXX-HAUSP complex disruption and 

ubiquitylation of MDM2 and MDM4171. Two well investigated main consequences of p53 

stabilization initiated by DNA damage are the cell cycle arrest with induction of DNA 

repair and apoptosis. 

 

Figure 7:  Degradation and stabilization of p53 

Under physiological conditions p53 is proteasomal degradated after ubiquitylation. The ubiquitylation of p53 
is mediated by the marking of MDM2 and MDM4. The effort of p53 could be enhanced by several proteins 
such as DAXX and HAUSP, which deubiquitylate MDM2 and MDM4. The activation of DDR by ATM or ATR 
leads to induction of p53 through MDM2-DAXX-HAUSP complex rupture and disruption of MDM2 and MDM4 
(adapted from:171). 
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1.3.4.3 Repair of DNA DSB 

The two major DSB repair mechanisms are the homologous recombination (HR) and 

non-homologous end-joining (NHEJ). The NHEJ is active during the whole cell cycle 

(preferred repair mode G1 and S phase) linking the break end directly and does not need 

the homologous template for repair179–182. Therefore, the Ku heterodimer (Ku70 and 

Ku80) binds to the ends of DNA DSB, brings the catalytic subunit of DNA PK and the 

Ligase4-XRCC4 to complete NHEJ183. DNA DSB can occur during S phase because of 

replication stress and replication fork collapse. Furthermore, the CDK activity during 

S phase is low affecting the initiation of HR183. The HR uses the intact sister chromatid 

as a template for DNA DSB repair and is therefore restricted to the late S and 

G2 phase165,166,180,181,182,184 .The activation of the checkpoint control and the repair of 

DNA DSB, by NHEJ and HR, are important for cell cycle progression and cellular 

survival.  

 

1.3.5 Possible damaging potential of dissociated Zn2+ 

Another toxic mechanism of metalic nanoparticles is postulated as Zn2+ mediated by 

particle dissociation185. Changes of particle surface constitutions (i.e., using iron doping 

or BSA coating) reduces ion release from particles and this resulted in reduced toxic 

cellular effects186,187. Furthermore it is a question of debate in which cellular environment 

the ZnO NP dissociate. ZnO is often classified in material safty data sheets as insoluble 

in H2O, while others reported a highly pH-dependent solubility of ZnO188,189. Muller et 

al. (2010) observed a pH-dependent solubility of ZnO NP and therefore rainforced 

toxicity. They observed particle dissociation in acidic environment suggesting the release 

of Zn2+ after endocytic uptake in endosomal vesicles112.In many physiological processes 

zinc plays an essential role as functional, structural, and regulatory element. Due to this 

importance a potential toxicity derives from the disturbance of zinc homeostasis. The 

homeostasis and steady state concentrations of free intracellular Zn2+ are maintained by 

buffering systems. Therefore, the intracellular free Zn2+ concentration has to be tightly 

controlled. The involvement of deregulated Zn2+ homeostasis is well known for type 

2 diabetes and more recently the proper regulation of the sub-cellular distribution has 

been shown to be relevant. Eukaryotic cells contain much more zinc than other transition 

metals and need to distribute them to many proteins to guarantee their functional 

activity190. The metal-response-element-binding transcription factor (MTF-1) plays a 

substantial role in the control of zinc homeostasis. MTF-1 serves as sensor of high levels 

of intracellular free Zn2+ and induces the transcription of MT. Low changes of the 

intracellular steady state Zn2+ concentration can be corrected by MT which is known as 
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regulator in buffering. ROS may lead to an increased Zn2+ concentration caused by the 

oxidation of thiol groups of the zinc-binding proteins resulting in reduced buffer capacity 

which leads to toxicity190. The second regulation mechanism of intracellular Zn2+, named 

muffeling reaction, is organized by several zinc binding proteins and transporters 

distributing the free Zn2+ into compartements or external secretion190. It is quite important 

that Zn2+ has no uncontrolled access to metalloproteins, because the binding of metals to 

proteins follows the series of Irving-Williams showing that Zn2+ is highly preferred over 

most other metals191,192. Peck et al. (1971) investigated in the enzyme activity of 

phosphoglucomutases in rabbits and observed that high intracellular concentrations of 

free Zn2+ resulted in a reduced enzyme activity, because Zn2+ is able to displace Mg2+ as 

cofactor192. Zn2+ imbalance between mitochondria and cytoplasm, e.g., might result in 

insulin resistance and cell damage by induction of apoptosis193. The human genome 

encodes more than 3000 proteins comprising zinc. Due to its binding affinity to 

thousands of proteins, Zn2+ is crucial for cells differentiation, proliferation, signaling, and 

survival176,190,191,194. The functional Zn2+ is mostly located as catalytical unit in several 

enzyme classes such as ligases, hydrolases, and transferases as well as in different 

secretory enzymes195. Zinc, as a catalytical component, is located at the active site 

through four ligands (e.g., histidine, cysteine, aspartic- and glutamic acid)194. 

Furthermore, zinc is described as modulating coactivator together with copper 

(e.g., superoxide dismutases)196. Zinc acts also in a structural way by binding to amino 

acid side chains to stabilize the active tertiary structure of proteins (e.g., alcohol 

dehydrogenase). It serves also in histones, as DNA structure stabilizing component 

(e.g., histone deacetylases), which carry Zn2+ in their active center197. The functional 

integrity of these enzymes is substantial for proper epigenetic regulation of gene 

expression. Zinc is an element of transcriptionfactors and plays therefore a critical part in 

the regulation of DNA transcription and replication. Zinc is an essential element of zinc 

finger and many proteins involved in DNA repair (e.g., XPA, PARP, and Fpg). Zn2+ is 

able to cause activity loss of PARP-1 and OGG1 in subcellular systems198,199. 

Furthermore, it was shown that zinc acts as DNA repair inhibitor in presence of oxidative 

caused DNA base modifications198. The activity of DNA mismatch repair depends on a 

conserved Zn-binding domain of the hPMS2 subunit of the MutLalpha heterodimer. 

These important proteins are of great significance for maintaining DNA integrity and 

genomic stability. They are also associated with the hereditary form of colon cancer in 

case of their inactivation200. Zinc is essential for intra- and intercellular communication. 

Thus, there is evidence that Zn2+ serves as an intracellular signaling molecule, similar as 

known for Ca2+ 201,202. Free Zn2+ is involved in neurotransmitter functions mediating 

intercellular communication and acting as an intracellular signaling molecule. 
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Yamashita et al. (2004) showed that the zinc transporter LIV1 is essential for the nuclear 

translocation of the Zn-finger transcription factor Snail, a master regulator of epithelial-

mesenchymal transition (EMT)203. EMT is a key event of tissue development and cancer 

progression. Another function of nuclear Zn2+ is its participation in pre-mRNA splicing as 

a cofactor in spliceosomes204,205.  

Dissociation of ZnO NP into Zn2+ is a possible toxic mechanism of metallic oxide particle. 

All these many examples underscore a relevant role for Zn2+ in nuclear functions and 

consequences in the case of dysregulated sub-cellular homeostasis. 
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2 Aims of this work 

Metal and metal oxide nanoparticles are commonly used as additives in industrial 

production of rubbers, catalysts, foods, pharmaceuticals and cosmetics. Prospectively, a 

continuous rise of industrial application is estimated, which results in an increasing 

release to environment and humans’ exposure. Therefore, it is of importance to 

investigate potential adverse effects. Metallic nanoparticle intake of humans’ results in 

inflammatory reactions known as metal fume fever and a multitude of publications report 

toxic effects in cell culture and animals. More recently genotoxic effects have been 

suggested to be associated with metal oxid nanoparticle intake. In this study ZnO NP 

were used as a model of metal oxide nanoparticles to evaluate mechanisms of 

genotoxicity in respiratory epithelia. The study aimed to investigate the intracellular ZnO 

NP uptake and distribution, their toxicity, DNA damaging potential, and DNA damage 

response (DDR) activation. 

In particular the following questions were targeted:  

 

• How are ZnO NP internalized by the cell and where are they accumulated? 

 

• Is there a size dependent effect in cellular uptake, accumulation and toxicity? 

 

• Are ZnO NP genotoxic? 

 

• Do they activate the DNA damage response? 

 

• What are the mechanisms of genotoxicity? 
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3 Materials and methods 

3.1 Materials 

Table 1:  Equipment 

Equipment Manufacturer 
Atomic absorption spectroscopy, AAS PerkinElmer, Waltham, MA, USA  

Autoclave 5050 ELV Tuttnauer, Breda, Netherland 

BD FACS Canto II Becton Dickinson, Francklin Lakes, NJ, USA 

CASY® Cell counter,  Model TT Roche Diagnostics International AG, Basel, Swiss 

Centrifuge, Biofuge fresco Heraeus, Kendro Laboratory Products, Hanau, Germany 

Centrifuge, Multifuge 1L-R Heraeus, Kendro Laboratory Products, Hanau, Germany 

Combs, 1.0 mm, 10 wells Biometra GmbH, Göttingen, Germany 

Micro Centrifuge Modell: 100 VAC Fisherbrand® Fisher Scientific, Schwerte, Germany 

ChemiDoc MP system Bio-Rad Laboratories, Inc., Hercules, CA, USA 

cLSM Leica TCS SP5  Leica Camera, Solms, Germany 

Digital camera VDS Vosskühler GmbH CCD-1300, Osnabrück, Germany 

Electrophoresis Chamber Biometra GmbH, Göttingen, Germany 

Fastblot B43Semi-Dry Blotter Trans-Blot® SD Biometra GmbH, Göttingen, Germany 

FluoroMax 2 Horiba Seisakusho, Kyōto, Japan 

Fluoroskan Ascent™ Microplate Thermo Fisher Scientific GmbH, Rockford, USA 

Freezer (-20°C), Liebherr Premium Liebherr, Bulle, Switzerland 

Glass plates with fixed 1.0 mm spacers Biometra GmbH, Göttingen, Germany 

Hemocytometer Paul Marienfeld GmbH & Co. KG, Lauda-Königshofen, 
Germany 

Hera Freezer (-80°C) Kendro Laboratory Products, Hanau, Germany 

Incubator, Heracell 150i CO2 Incubators Thermo Scientific, Waltham, MA, USA 
Irradiation equipment, Gammacell 2000, γ-source (Cs137) 
source Mølgaard Medical, Risø, Denmark 

Laminar flow cabinet, Herasafe Safety cabinets Heraeus, Kendro Laboratory Products, Hanau, Germany 

Magnetic stirrer, MR3001 Heidolph, Schwabach, Germany 

Magnetic stirrer, Heidolph MR 3001 VWR international, Darmstadt, Germany 

Microscope, Leitz Orthoplan Leica, Wetzlar, Germany 

Microscope, Nikon TMS Nikon, Düsseldorf, Germany 

Microscope fluorescence, Nikon Eclipse TE2000U Nikon, Düsseldorf, Germany 

Minicentrifuge RF Heraeus, Kendro Laboratory Products, Hanau, Germany 

Minicentrifuge Universal 16 R Hettich Zentrifugen, Tuttlingen, Germany 

Nitrogen tank CRYO-4000, Chart Ind., Burnsville, MN, USA 

Pipette Eppendorf AG, Hamburg, Germany 

Pipetus® Hirschmann Laborgeräte, Eberstadt, Germany 

Power Supply, Modell 1000/500 Constant voltage BioRad, Hercules, CA, USA 

Power Supply, Standard power pack P25 Biometra GmbH, Göttingen, Germany 

Refrigerator profi line Liebherr, Bulle, Switzerland 

Rocking platform shaker WS-10 Edmund Bühler, Hechingen, Germany 

Running rig Midigel + Twin G42 Biometra GmbH, Göttingen, Germany 

Scale Kern PCB Kern und Sohn GmbH, Balingen Frommern, Germany 
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Scale Precision Advanced DHAUS As-Wägetechnik GmbH, Garching, Germany 

Scanner, Epson Perfection 3200 Photo Epson, Meerbusch, Germany 

Semi-dry electrophoretic transfer cell Biometra GmbH, Göttingen, Germany 

Shaker, Rotor WS-10 Edmund Bühler, Hechingen, Germany 

Shaker, Rocky 3D Labortechnik Fröbel GmbH, Lindau, Germany 

Silicone rubber seal, 1.0 mm Biometra GmbH, Göttingen, Germany 

Sonorex Super RK 510 H Bandelin electronic GmbH & Co. KG, Berlin, Germany 

Spectrophotometer Fluoroskan Ascent Microplate Thermo Electron Corporation, Dreieich, Germany 

StripHolder Labcrew, Amersham Bioscience, Sunnyvale, CA, USA 

Thermomixer, HLC-TM 130-6 Haep Labor Consult, Bovenden, Germany 

Thermomixer comfort Eppendorf AG, Hamburg, Germany 

Transferpette® S Brand GmbH & Co KG, Wertheim, Germany 

TEM Philips EM420 Koninklijke Philips N. V., Amsterdam, Netherlands 

TEM Leo 906 Carl Zeiss AG, Oberkochen, Germany 

Teflon-lined stainless steel autoclave Institute of inorganic and analytical chemistry, JGU, Mainz 

Ultracut 41 Reichert-Jung, Vienna, Austria 

Ultrasonic homogenisers, LABSONIC M B. Braun Biotech International, Melsungen, Germany 

Vacuum rotary evaporator BÜCHI Labortechnik AG, Essen, Germany 

Vortex, Top-Mix 11118  Fisherbrand® Fisher Scientific, Schwerte, Germany 

Vortex, VV3 VWR International, Radnor, PA, USA 

Water bath INFORS HT, Bottmingen, Swiss 

Zetasizer Nano ZS Malvern Instruments, Malvern, UK 

 

Table 2:  Chemicals 

Chemicals Manufacturer 
Acetic acid AppliChem, Inc., St. Louis, MO, USA 

AlamarBlue® BIOZOL Diagnostica Vertrieb GmbH, Eching, Germany 

Ammonium acetate Sigma-Aldrich, St. Louis, MO, USA 

Albumin Fraction V, BSA Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Aprotinin Sigma-Aldrich, St. Louis, MO, USA 

Bromophenol blue    

Sigma-Aldrich, St. Louis, MO, USA 

Calcium chloride, CaCl2 MERCK MILLIPORE, Merck KGaA, Darmstadt, Germany 

Carbonyl cyanide 3-chlorophenylhydrazone, CCCP Sigma-Aldrich, St. Louis, MO, USA 

CellLight® Early Endosomes-RFP Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Casy® toner Roche Diagnostics International AG, Basel, Swiss 

Crystal violet solution Sigma-Aldrich, St. Louis, MO, USA 

Cy5 Abcam, Cambridge, UK 

3,3´-Diaminobenzidine, DAB DAKO Deutschland GmbH, Hamburg, Germany 

Dimethylsulfoxid, DMSO Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Diethylene triamine pentaacetic acid, DTPA FLUKA, Sigma-Aldrich, St. Louis, MO, USA 

Dithiothreitol, DTT Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Disodium phosphate, Na2HPO4 Sigma-Aldrich, St. Louis, MO, USA 

Western Lightning Plus ECL PerkinElmar, Waltham, MA, USA 
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ER-Tracker™ Red (BODIPY® TR, glibenclamide) Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Ethylenediaminetetraacetic acid, EDTA Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Epidermal growth factor, human, EGF Sigma-Aldrich, St. Louis, MO, USA 

Ethanol, EtOH AppliChem, Inc., St. Louis, MO, USA 

FITC Annexin V BioLegend Inc., San Diego, CA, USA 

Fluorescence Mounting Medium DAKO Deutschland GmbH, Hamburg, Germany 

FluoZin™-3, AM, cell permeant Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Glutaraldehyde Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Glycine Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Glycerol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

ß-Glycerophosphate  Sigma-Aldrich, St. Louis, MO, USA 
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, 
HEPES Sigma-Aldrich, St. Louis, MO, USA 

2`,7`-dichlorodihydrofluorescein diacetate, H2DFCDA Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Hexane AppliChem, Inc., St. Louis, MO, USA 

Heat inactivated FCS Sigma-Aldrich, St. Louis, MO, USA 

High purity H2O Cayman Chemical Company, Ann Arbor, MI, USA 

Hydrogen chloride Sigma-Aldrich, St. Louis, MO, USA 

Hydrogen peroxide (H2O2) Sigma-Aldrich, St. Louis, MO, USA 

Hämalaun solution Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Hydrocortisone Sigma-Aldrich, St. Louis, MO, USA 

Insulin Sigma-Aldrich, St. Louis, MO, USA 

Isopropyl alcohol AppliChem, Inc., St. Louis, MO, USA 
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbo-
cyanine iodide, JC-1 dye 

Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Leupeptin Sigma-Aldrich, St. Louis, MO, USA 

LR-white™ London Resin, London, UK 

Methanol AppliChem, Inc., St. Louis, MO, USA 

MitoTracker® Deep Red FM Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Monopotassium phosphate, KH2PO4 Sigma-Aldrich, St. Louis, MO, USA 

N-acetyl-L-cysteine, NAC Sigma-Aldrich, St. Louis, MO, USA 

Paraformaldehyde, PFA Sigma-Aldrich, St. Louis, MO, USA 

PageRuler™ Prestained Protein Ladder Thermo Scientific™, Carlsbad, CA, USA 

Pepstatin Sigma-Aldrich, St. Louis, MO, USA 

Phosphate-buffered saline, PBS Sigma-Aldrich, St. Louis, MO, USA 

Propidium Iodide, PI Abcam, Cambridge, UK 

Picric acid Riedel-de Haën, Sigma-Aldrich, St. Louis, MO, USA 

Pluronic® F-127 Molecular Probes®, life technologies™, Carlsbad, CA, 
USA 

Powdered milk Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Retinol Sigma-Aldrich, St. Louis, MO, USA 

Sodium dodecyl sulfate, SDS Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium chloride, NaCl Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium lauroyl sarcosinate Sigma-Aldrich, St. Louis, MO, USA 

Sodium azide, NaN3 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium acetate Sigma-Aldrich, St. Louis, MO, USA 

Sodium fluoride, NaF Sigma-Aldrich, St. Louis, MO, USA 
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Sterillium® classic pure Bode Chemie GmbH, Hamburg, Germany 

Streptavidin/HRP DAKO Deutschland GmbH, Hamburg, Germany 

SYBR® Green Applied Biosystems®, life technologies™, Carlsbad, CA, 
USA 

Tocopherols Sigma-Aldrich, St. Louis, MO, USA 

TRIS buffered saline, TBS Sigma-Aldrich, St. Louis, MO, USA 

Tetramethylammonium hydroxide Sigma-Aldrich, St. Louis, MO, USA 

3,3’,5,5’-Tetramethylbenzidine Sigma-Aldrich, St. Louis, MO, USA 

Transferrin Sigma-Aldrich, St. Louis, MO, USA 

Tris(hydroxymethyl)-aminomethane, TRIS Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Triton X-100 Sigma-Aldrich, St. Louis, MO, USA 

Trypan Blue Sigma-Aldrich, St. Louis, MO, USA 

Tween20 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Vectashield® Hard+Set™ Vector Laboratories, Inc., Burlingame, CA, USA 

Zinc chloride Sigma-Aldrich, St. Louis, MO, USA 

 

Table 3:  Consumables 

Consumables Manufacturer 
Advanced TC Dish, Sterile, 60 x 15 mm Greiner Bio-One GmbH, Frickenhausen, Germany 

BD Falcon TM cell scraber BD Biosciences, Bedford, UK 

Blotting paper MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany 
Cell culture dishes cellstar® 96 well plate, black, 15MM REF 
655090 µCLEAR® Greiner Bio-One GmbH, Frickenhausen, Germany 

ibiTreat, sterile, µ-Dish 35 mm, high ibidi GmbH, Martinsried, Munich, Germany 

TEM grids made of copper coated with carbon film Plano GmbH, Wetzlar, Germany 

ELISA microplate Corning, Inc., Corning, NY, USA 

Cell culture flask; 175 cm2, 75 cm2, 25 cm2 Cellstar, Greiner, Frickenhausen, Germany 

Microscope Cover Slip, 18x18 mm IDL GmbH & Co KG, Nidderau, Germany 

Microscope Cover Slip, ø10 mm Gerhard Menzel GmbH, Braunschweig, Germany 

Cryo tubes, Cryo. S™ Greiner Bio-One GmbH, Frickenhausen, Germany 

Tubes, cellstar® tubes; 15 mL, 50 mL Greiner Bio-One GmbH, Frickenhausen, Germany 

Immobilon®-P-Transfer-Membran (PVDF; 0.45 µm) Millipore Corporation, Billerica, MA, USA 
Microcentrifuge tube (Eppendorf safe lock tube); 0.5 mL, 
1.5 mL, 2.0 mL Eppendorf AG, Hamburg, Germany 

Nitrocellulose membrane Immobilon®, Merck Millipore, Merck KGaA, Darmstadt, 
Germany 

Parafilm „M“TM Laboratory Film Pechiney, Chicago, IL, USA 

Pipette, plastic disposable graduated Carl Roth GmbH & Co KG, Karlsruhe, Germany 

Pipette tip; 0.5 – 20 µL, 100 µL, 200 µL & 1000 µL Kisker Biotech GmbH & Co. KG, Steinfurt, Germany 

Protein low bind tubes; 0.5 mL, 1.5 mL Eppendorf AG, Hamburg, Germany 

Quali-PCR-Tube-Stripe Kisker Biotech GmbH & Co. KG, Steinfurt, Germany 

Serologic pipette cellstar®, 2.5 mL, 5 mL, 10 mL, 25 mL Greiner Bio-One GmbH, Frickenhausen, Germany 

6-well plate Greiner Bio-One GmbH, Frickenhausen, Germany 

Surgical blades FEATHER Safety Razor Co., Ltd., Osaka, Japan 

Tissue culture cup Thermo Fischer Scientific (Nunc GmbH & Co. KG), 
Langenselbold, Germany 

Tissue culture plate 96-well Thermo Fisher Scientific (Nunc GmbH & Co.KG), 
Langenselbold, Germany 
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Welted glass Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

 

Table 4:  Culture media and sera 

Material Manufacturer 
Dulbecco`s Modified Eagle`s Medium, DMEM Sigma-Aldrich, St. Louis, MO, USA 

Penicillin Streptomycin , P/S, (100 U/ml/100 µg/ml) Sigma-Aldrich, St. Louis, MO, USA 

Fetal Calfe Serum, FCS Sigma-Aldrich, St. Louis, MO, USA 

Trypsin/EDTA, T/E Sigma-Aldrich, St. Louis, MO, USA 

Trypsin inhibitor, DTI Gibco®, life technologies™, Carlsbad, CA, USA 

StemPro® Accutase® Cell Dissociation Reagent Gibco®, life technologies™, Carlsbad, CA, USA 

CnT-Prime Epithelial Cell Culture Medium CellnTec, Geneva, Swiss 

 

Table 5:  Buffer and solutions 

Buffer Composition 

10x TBS buffer 

24.2 g Tris 
80 g NaCl 
Distilled water  
pH 7.6 (with 10 mM HCl) 

Transferring buffer 

25 mM Tris 
150 mM Glycine 
10 % Methanol 
0.037 % SDS 
Distilled water 

1x TBST20-washing buffer 
10x TBS 
0.1 % Tween 20 
Distilled water 

Blocking buffer 3 %, 5 % powdered milk (w/v) 
1x TBST20–washing buffer 

First antibody solution 3 %, 5 % BSA (w/v) 
1x TBST20-washing buffer 

Second antibody solution 3 %, 5 % powdered milk or BSA 
1x TBST20-washing buffer 

4x stacking gel buffer 
0.5 M Tris 
Distilled water 
pH 6.8 (with 10 mM HCl) 

4x resolving gel buffer 
1.5 M Tris 
Distilled water 
pH 8.8 (with 10 mM HCl) 

5x running buffer 
30 g/L Tris 
144 g/L Glycine 
Distilled water 

1x running buffer 
5x running buffer 
10 % SDS 
Distilled water 

Stripping buffer 
25 mM Glycine 
Distilled water 
pH 2.2 (10 mM HCl) 

4x lysis buffer 

2 M Tris 
0.08 g SDS 
460 µL Glycine (87 %) 
2.5 M DTT 
Distilled water ad 40 mL 
pH 6.8 – 7.5 (with 10 mM HCl) 

1x lysate buffer 4x lysate buffer 
Distilled water 

Cell culture buffer 

100 mM NaCl  
10 mM Tris 
Distilled water 
pH 7.4 (with 10 mM HCl) 
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Cell staining buffer 
PBS 
2 % heat inactivated FCS 
0.09 % NaN3 

10x Annexin V Binding buffer 

100 mM HEPES 
1.4 M NaCl 
25 mM CaCl2 
Distilled water 
pH 7.4 (with 10 mM HCl) 

1x Annexin V Binding buffer 10x Annexin V Binding Buffer 
Distilled water 

ELISA Wash buffer 
0.05 % Tween20 
PBS 
pH 7.2 - 7.4 (with 10 mM HCl) 

ELISA Blocking buffer 

1 % BSA 
0.05 % NaN3 
PBS 
pH 7.2 - 7.4 (with 10 mM HCl) 

IC Diluent #1 
1 % BSA 
PBS 
pH 7.2 - 7.4 (with 10 mM HCl) 

IC Diluent #4 

1 mM EDTA 
0.05 %Triton X-100 
PBS 
pH 7.2 - 7.4 (with 10 mM HCl) 

ELISA Lysis buffer #13 

1 mM EDTA 
0.5 % Triton X-100 
10 µg/mL Leupeptin 
10 µg/mL Pepstatin 
3 µg/mL Aprotinin 
150 mM NaCl 
10 mM NaF 
20 mM ß-glycerophosphate 
PBS 
pH 7.2 - 7.4 (with 10 mM HCl) 

ELISA Substrate Solution 1:1 H2O2 und Tetramethylbenzidine 

Stop Solution 2 N H2SO4 

Sørensen buffer 

0.1 M Na2HPO4 
0.1 M KH2PO4 
Distilled water 
pH 7.4 (with 10 mM HCl) 

BSA-T-PBS buffer 
1 % BSA (w/v) 
0.2 %Triton X-100 (v/v) 
PBS 

Fixation buffer 

4 % Paraformaldehyde 
0.1 % Glutardialdehyde 
0.2 % Picric acid 
in 0.1 M Sørensen buffer 

Stripping buffer 

25 mM Glycine 
1 % SDS 
Distilled water 
pH 2.2 (with 10 mM HCl) 

1 % BSA /PBS 
1 % BSA (w/v) 
0.1 % NaN3 
PBS 

5 % BSA/PBS 
5 % BSA (w/v) 
0.1 % NaN3 
PBS 

Crystal violet dilution 0,2 % Crystal violet 
PBS 

10 % acetic acid  10 % Acetic acid 
Distilled water 

10x TBS  

302,85 g Tris 
430,50 g NaCl 
4 L Distilled water 
pH 7.6 (with 10mM HCl) 

5 % Tween20 
25 mL Tween20  
475 mL Distilled water 

TBS/Tween20 

200 mL 10x TBS 
20 mL 5 % Tween20 
Distilled water 
pH 7.6 (with 10mM HCl) 
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FAD complete medium 

150 mL DMEM 
40 mL FCS (20 %) 
4 mL P/S (2 %) 
2 mg/mL Hydrocortisone 
1 mg/mL Transferrin 
1 mg/mL Insulin 
100 µg/mL Tocopherol 
1 mg/mL Retinol 
200 µg/mL EGF 
1 M HEPES (2 %) 

 

Table 6:  Antibodies 

Antibody Species Applicatio
n Block-ing (kDa) Detection SDS-

page Manufacturer 

pH2A.X 
(Ser139), 

clone 
JBW301, #05-

636 

Mouse 

1:500 in 
PBS with 

0.3 % 
Triton X-

100, 1 h at 
RT 

5 % 
BSA/PBS, 

0.3 % 
Triton X-
100, 1 h 

at RT 

139 ECL+ 10 % 
MERCK MILLIPORE, 

Merck KGaA, 
Darmstadt, Germany 

pH2A.X 
(Ser139) 

(20E3) #9718 
Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 15 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

pChk2 (Thr68) 
#2661 Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 62 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

Chk2 #2662 Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 62 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

pChk1 
(Ser296) 
#2349 

Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 56 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

p53 #P5813 Mouse 

1:500 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 53 ECL + 12.5 % Sigma-Aldrich, St. Louis, 
Missouri, USA 

p21 
Waf1/Cip1 
(DCS60) 
#2946 

Mouse 

1:2000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 21 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

pATR 
(Ser428) 
#2853 

Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 300 ECL + 5 % Cell Signaling Inc., 
Danver, MA, USA 

ATR #2790 Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 300 ECL + 5 % Cell Signaling Inc., 
Danver, MA, USA 

pErk1(T202/Y
204)/Erk2 

(T185/Y187) 
 

Rabbit 

0.5µg/mL 
in 3 % 
BSA, 

overnight 
at 4°C 

3 % MP 44 ECL + 12.5 % R&D Systems, 
Minneapolis, MN, USA 

pAkt (Ser473) 
Antibody #927

1 
 

Rabbit 

1:1000 in 
3 % BSA, 
overnight 

at 4°C 

3 % MP 60 ECL + 12.5 % Cell Signaling Inc., 
Danver, MA, USA 

ß-actin 
Antibody Mouse 

1:10000 in 
5 % MP, 
1 h at RT 

5 % MP 42 ECL + - Abcam, Cambridge, UK 

Anti-mouse 
IgG, HRP-

linked #7076 
Horse 

1:5000 in 
5 % BSA, 
1 h at RT 

Secondary antibody - Cell Signaling Inc., 
Danver, MA, USA 

Anti-rabbit 
IgG, HRP- Goat 1:5000 in 5 

% BSA, 1 Secondary antibody - Cell Signaling Inc., 
Danver, MA, USA 
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linked #7074 h at RT 

Alexa Fluor® 
488 Goat Anti-

Mouse IgG 
#A-11029 

Goat 

1:500 in 
5 % 

BSA/PBS 
with 0.3 % 
Triton X-

100, 1 h at 
RT 

Secondary antibody - 
Molecular Probes®, life 

technologies™, 
Carlsbad, CA, USA 

Anti-
Cytoceratin 13 

#ab92551 
Rabbit 

1:100 in 
PBS/BSA 
overnight 

at 4°C 

Primary antibody - Abcam, Cambridge, UK 

Anti-FGFR4 
#44971 Mouse 

1:50 in 
PBS/BSA 
overnight 

at 4°C 

Primary antibody - Abcam, Cambridge, UK 

Polyclonal 
Goat Anti-

Rabbit 
#E0432 

Goat 1:300 in 
PBS/BSA Secondary antibody - 

DAKO Deutschland 
GmbH, Hamburg, 

Germany 

Phospho-ATM 
(S1981) 
Capture 
Antibody 
#841928 

Kit System - R&D Systems, 
Minneapolis, MN, USA 

Phospho-ATM 
(S1981) 

Detection 
#841929 
Antibody 

Kit System - R&D Systems, 
Minneapolis, MN, USA 

Phospho-ATM 
(S1981) 
Standard 
#841930 

Kit System - R&D Systems, 
Minneapolis, MN, USA 

Streptavidin-
HRP #890803 Kit System - R&D Systems, 

Minneapolis, MN, USA 

 

Table 7:  SDS-page  

SDS-page Composition 

5 % resolving gel 

7. 5 mL 4x resolving gel buffer 
3.75  mL 40 % AA/BIS 
150 µL 10 % APS 
379 µL 10 % SDS 
 15 µL TEMED 
18.75  mL Distilled water 

10 % resolving gel 

7. 5 mL 4x resolving gel buffer 
7.5  mL 40 % AA/BIS 
150 µL 10 % APS 
379 µL 10 % SDS 
 15 µL TEMED 
15  mL Distilled water 

12.5 % resolving gel 

7. 5 mL 4x resolving gel buffer 
9.4 mL 40 % AA/BIS 
150 µL 10 % APS 
379 µL 10 % SDS 
 15 µL TEMED 
13.1 mL Distilled water 
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Table 8:  Commercial available Kit systems 

Kit systems Manufacturer 
Bio-Rad DC™ Protein assay  Bio-Rad Laboratories, Inc., Hercules, CA, USA 

Human Phospho-ATM (S1981) DuoSet IC #DYC1655-2 R&D Systems, Minneapolis, MN, USA 

 

Table 9:  Cell lines 

Cell line Manufacturer 
A549  American Type Culture Collection (ATCC), Manassas, VA, USA 

NIH/3T3 American Type Culture Collection (ATCC), Manassas, VA, USA 

HNSCCUM-02T ENT department of University Medical Center, Mainz, Germany 

 

Table 10:  Software 

Software Reference/Manufacturer/Homepage 
Blender 2.75a Blender Foundation, Amsterdam, Netherlands 

GraphPad Prism 5 GraphPad Software, Inc., La Jolla, CA, USA 

Adobe Photoshop CS4 Adobe Systems GmbH, Munich, Germany 

Citavi 4 Swiss Academic Software GmbH, Wädenswil, Switzerland 

Image J 1.47f NIH, Bethesda, MA, USA 

Microsoft Office 2003/2007 Microsoft Deutschland GmbH, Unterschleißheim, Germany 

LAS AF lite Leica Camera, Solms, Germany 

FlowJo 7.6.3 FlowJo, LLC, Ashland, OR, USA 

ACD/ChemSketch 2012 v. 14.01 Advanced Chemistry Development, Inc. (ACD/Labs), Toronto,  ON, Canada 
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3.2 Methods 

3.2.1 Synthesis of ZnO nanoparticles 

The ZnO NP were synthesized by the  

. Two different 

sizes of ZnO NP (4-5 nm and 15-18 nm) were used in this study. ZnO NP in a size of 

15-18 nm were synthesized with slight modifications, following a procedure reported by 

Cheng et al. (2006)206. Zn(Ac)2 x 2 H2O (1.09 g) was dissolved in 10 mL of methanol. 

Tetramethylammonium hydroxide (25 % w/w) in water and tetramethyl-ammonium 

hydroxide (25 % w/w in methanol) were added in a ratio of 1 to 3 (total volume of 20 mL) 

under stirring conditions at RT. The solution was transferred to a teflon-lined stainless 

steel autoclave and heated to 50°C for 24 h. The white precipitate was collected and 

purified by washing with high purity H2O and dried afterwards at RT. ZnO NP in a size of 

4-5 nm were synthesized using a procedure developed and reported by Tahir et al. 

(2009)207. A batch of ZnO colloids was synthesized by dissolving 110 mg (0.5 mM) of 

Zn(AC)2 x 2 H2O in 25 mL of ethanol (EtOH) with sonication at 0°C for 15 min. 21 mg 

(0.5 mM) of Li(OH) x H2O were added to ZnO colloid solution and sonicated at 0°C for 

15 min. The solvent of the obtained stable and optically transparent ZnO solution was 

removed using a vacuum rotary evaporator. Then ZnO NP were redispersed in high 

purity H2O and dialysed against H2O to remove excess of base Li(OH). 

 

3.2.2 Analytical characterization of ZnO NP 

The particles were characterized by transmission electron microscopy (TEM), ζ-potential 

and atomic absorption spectroscopy (AAS). 

 

3.2.2.1 Transmission electron microscopy 

The size and shape of the ZnO NP were determined using TEM with an acceleration 

voltage of 120 kV. Samples were prepared by dropping ZnO NP in high purity H2O on a 

TEM grid. 

 
3.2.2.2 ζ-potential measurement 

Nanoparticles possess a specific positive or negative electrostatic charge with influence 

on cellular particle uptake. The measurement of the ζ-potential of the ZnO NP was 
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performed using a Zetasizer. The ZnO NP dispersion was applied to a disposable 

capillary cell and the particles migrated in the applied electrical field. 1 mL aliquots of 

each sample were injected into the capillary cell and 5−10 measurement per sample 

were performed at 25°C. 

 

3.2.2.3 Atomic absorption spectroscopy 

The atomic absorption spectroscopy (AAS) is a spectroanalytical method using the 

absorption of light by free atoms in the state of gas to quantify chemical elements 

(e.g., Zn). ZnO NP (4-5 nm, 15-18 nm) were prepared in high purity H2O (pH 5.8) or in 

cell culture medium (pH 7.4) as mentioned below (see 3.2.4.1). A 50 mL tube was filled 

with 35 mL of high purity H2O and another with 35 mL cell culture medium. ZnO NP were 

diluted in high purity H2O to a final concentration of 100 µg/mL. 5 mL of each tube were 

transferred to another tube and centrifuged at 12,000xg for 5 min. 4 mL of the 

supernatants were transferred to a welted glass after 1 min, 5 min, 15 min, 30 min, 1 h 

and 4 h. Solutions were stored at RT on a rocking platform shaker until analysis. The 

dissociated Zn were measured using AAS at the  

. 

 

3.2.3 Cell culture 

3.2.3.1 Cell lines and conditions 

Three different cell lines and primary cells of mucosa were used. A549 is an 

adenocarcinomic human alveolar epithelial-like type-II cell line that has been established 

in 1979 after removal of cancerous lung tissue of a 58 years old Caucasian male. 

NIH/3T3 cells have been established in 1962 from swiss albino mouse embryo tissue 

and are used as standard model for fibroblasts. HNSCCUM-02T is a human squamous 

cell carcinoma cell line from the base of the tongue, which has been established 2003 

from Welkoborsky et al. (2003) in the lab of the  

 208. The primary cells of mucosa were isolated from the gingiva of 

patients operated at the  

 and cultivated at the  

. 

The cells were maintained in cell culture medium using Dulbecco´s Modified Eagles´s 

Medium (DMEM), supplemented with 5 % fetal calf serum (FCS) and 1 % 

penicillin/streptomycin (P/S). All used cell lines were cultivated at 37°C, 5 % CO2, and 
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humidified atmosphere. For detailed cultivation conditions of cell lines please refer to 

3.2.3.2 and for primary cells of mucosa 3.2.3.5, and 3.2.3.6. 

 

3.2.3.2 Cell line cultivation 

The culture medium was replaced every second day. After confluence of 80 %, cells 

were splitted for further cultivation. For passaging of A549, NIH/3T3, and 

HNSCCUM-02T cells, Trypsin/EDTA (T/E) was used (1:10 dilution). The confluent cells 

were rinsed with phosphate-buffered saline (PBS) and 2 mL of the ready to use mixture 

of T/E was added and incubated at 37°C until the cells were detached. Cells were 

transferred to a 15 mL tube and culture medium was added in a 1:1 ratio. Afterwards, 

cells were centrifuged at 300xg for 5 min. Supernatant was discarded and the cell pellet 

resuspended in 5 mL cell culture medium. In order to determine the cell amount, 20 µL of 

the cell suspension was mixed with 20 µL of trypan blue (1:1 ratio) and counted in a 

hemycytometer. The cells were systematically counted under a microscope. The total 

number of viable cells in the prepared cell suspension was calculated using the following 

formula: 

   Total number of viable cells = EDC
B
A

×××





   

Formula 1: Calculation of total cell counts 

A: viable cells; B: number of squares; C: dilution factor (2); D: volume of cell suspension; E: chamber factor (10,000) 

 

3.2.3.3 Viability measurement with CASY TT® 

Viability was measured by the use of CASY TT®, an electric field multi-channel cell 

counting system. CASY TT®
 measures cell amount, cell size and cell viability and is 

based on a pulse surface analysis. The cells were sucked with a constant speed into a 

capillary between to electrodes. The magneto-resistance of the capillary equates to the 

cell volume. The cell membrane of a dead or injured cell is more permeable than those 

of an intact cell and causes less change in magneto-resistance. The cells were treated 

with 100 µg/mL ZnO NP. The cellular viability of the cells was determined after 24 h of 

ZnO NP exposure or BSA stabilized ZnO NP (see 3.2.4). After incubation cells were 

trypsinized and centrifuged at 450xg for 8 min. The cells were resuspended with 750 µL 

cell culture medium. Afterwards, 4 tubes with 10 mL of CASY-toner were supplied with 

200 µL (50:1) cell suspension of each time point and were measured by CASY TT®
. 
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3.2.3.4 Freezing and thawing procedure of cells 

Freezing: The cells were washed with PBS and detached from cell culture flask as 

mentioned above (see 3.2.3.2). After detaching, cells were centrifuged and the 

supernatant was replaced by FCS containing 10 % dimethyl sulfoxide (DMSO). The cell 

pellet was resuspended and 1 mL (approx. 1x106 cells) was transferred to cryo tubes. 

Then, the cryo tubes were stored at -80°C overnight and finally transferred into liquide 

nitrogen. 

Thawing: Frozen cells, were thawed in a 37°C tempered water bath and resuspended in 

prewarmed fresh cell culture medium. Afterwards, cells were centrifuged at 300xg and 

the pellet was resuspended in fresh cell culture medium before the cells were cultivated 

at 37°C and 5 % CO2. 

 

3.2.3.5 Isolation of primary cells of mucosa from gingiva 

Before starting with cell isolation the fresh mucosa tissue was slewed for 1 min each in 

70 % EtOH, Sterillium® classic pure and again in EtOH. First, the connective tissue was 

separated from the epithelial layer by cutting at the line between red (connecting tissue) 

and white (epithelial layer) tissue. Afterwards, the fresh tissue pieces were transferred 

with the epithelial layer up into a 6-well plate and covered with 1 mL of FAD complete 

medium. 

 

3.2.3.6 Cultivation of primary cells of mucosa 

After 24 h, the FAD complete medium of the epithelial cells was replaced by CnT-Prime 

medium (specialized medium for epithelial cells). The tissue was incubated and 

cultivated at 37°C and 5 % CO2 until epithelial cells covered 70 % of the well. Then, the 

medium was discared and the cells were incubated with T/E for 5 min. Afterwards, the 

cells were transferred to a tube with DMEM and a trypsin inhibitor (DTI) was added at RT 

for 5 min to neutralize the T/E reaction. The cell suspension was centrifuged at 300xg for 

5 min. Supernatant was removed and the pellet was resuspended in cell culture medium 

and counted as mentioned in 3.2.3.2 and afterwards prepared for further experiments.  
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3.2.4 Pretreatments and treatments with ZnO NP, ZnO bulk, and ZnCl2 

3.2.4.1 Preparation of ZnO NP, ZnO bulk, and ZnCl2 dispersion 

The synthesized ZnO NP, ZnO bulk material or ZnCl2 were weighted on the day of 

experiment and suspended in high purity H2O to get a stock concentration of 1 mg/mL. 

The ZnO NP, ZnO bulk dispersions, and ZnCl2 solutions were sonicated using an 

ultrasonic homogeniser for 5 min at 32 W. The cells were treated immediately with a final 

concentration of 0.1 µg/mL, 10 µg/mL or 100 µg/mL. The concentrations were chosen 

according to values measured in sun protection (up to 100 mg/mL209) and drinking water 

(10 µg/mL210) of daily used products. 

 

3.2.4.2 Pretreatment with DTPA  

Diethylene triamine pentaacetic acid (DTPA) was used as a chelator of Zn2+, released 

from extracellular dissociated ZnO NP. Cells were seeded in 6-well plates and incubated 

at 37°C and 5 % CO2 for 24 h. The next day, cells were pretreated with 0.06 mM DTPA 

for 1 h before ZnO NP were added (see 3.2.4.1). 

 

3.2.4.3 Pretreatment with NAC 

N-acetyl-L-cysteine (NAC) was used to scavenge reactive oxygen species (ROS). After 

seeding, the cells were incubated at 37°C and 5 % CO2 for 24 h. The culture medium 

was replaced with fresh cell culture medium containing 5 mM NAC. After another 24 h of 

incubation the cells were incubated with cell culture medium containing NAC (5 mM) and 

ZnO NP in a final concentration of 100 µg/mL (see 3.2.4.1). 
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3.2.4.4 Stabilization of ZnO NP with BSA 

Bovine serum albumin (BSA) was used for ZnO NP stabilization. A stock solution of BSA 

(5 mg/mL) in high purity H2O was prepared. 20 mg of ZnO NP were weighted and 

incubated in 1 mL of a BSA stock solution at 4°C for 1 h. After incubation, the dispersion 

was sonicated using an ultrasonic homogeniser at 32 W for 5 min. Afterwards, the 

ZnO NP dispersion was centrifuged at 12,000xg for 10 min and the supernatant was 

replaced by high purity H2O. This step was repeated three times. The BSA coated 

ZnO NP were used as described above (see 3.2.4.1). 

 

3.2.4.5 Cell incubation with ZnO NP, ZnO bulk, and ZnCl2 

ZnO NP, ZnO bulk or ZnCl2 were weighted on the day of experiment and suspended in 

high purity H2O with a final concentration of 0.1, 10 or 100 µg/mL. The ZnO NP, 

ZnO bulk or ZnCl2 dispersion was sonicated using an ultrasonic bath at 32 W for 5 min. 

The cells were treated directly with ZnO NP, ZnO bulk or ZnCl2 for several minutes up to 

maximal 24 h depending on the performed assay. Further details are mentioned in the 

corresponding chapter.  

 

3.2.5 Analysis of cellular ZnO NP uptake 

3.2.5.1 TEM analysis of cellular ZnO NP uptake 

For the ultra structural analysis of ZnO NP uptake, A549 cells were treated with ZnO NP 

(100 µg/mL; exposure time 1 min, 15 min, 30 min, 1 h and 4 h) and analyzed by TEM. 

After treatment, cells were centrifuged at 300xg for 5 min and the pellet was washed with 

PBS. This step was repeated three times. Afterwards, cell pellets were incubated for 

15 min in fixation buffer and washed two times for 5 min in 0.1 M Sørensen buffer. Cells 

were dehydrated in a concentration series of ethanol (70 %, 80 %, 90 %, and 99.5 %), 

for 5 min, each. Afterwards, they were embedded for 10 min in a 1:1 suspension of 

99.5 % ethanol and LR-White™ and further two times for 30 min in LR-White™. After 

embedding the pellets were then polymerised at 58°C overnight. Finally, ultrathin slides 

were prepared (approx. 80-100 nm) and the intracellular accumulation of ZnO NP was 

evaluated by TEM. 
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3.2.5.2 Measurement of intracellular Zn2+ 

The free intracellular Zn2+ concentration after ZnO NP or ZnCl2 treatment was monitored 

by spectrofluorimetric analysis as well as by cLSM using a Zn2+ specific fluorophore, 

FluoZin™-3 (dissociation constant (kd) of FluoZin™-3: ~ 15 nM). 

 

3.2.5.2.1 Cell loading with FluoZin™-3 

The cells were preloaded with 1 µM (FluoZin™-3 diluted in DMSO) of the cell permeable 

acetoxymethoxy derivate of FluoZin™-3 in 2 mL cell culture buffer in the dark at RT for 

45 min.  

 

3.2.5.2.2 Spectrofluorimetric measurement of intracellular Zn2+ 

After 45 min of incubation, cells (appox. 1x106) were washed, trypsinized, centrifuged 

and resuspended in 3 mL of cell culture buffer. The cell suspension was stored in the 

dark at RT for 30 min to allow cleavage of the acetoxymethyl (AM) ester. Afterwards, the 

changed intensity of FluoZin™-3 after binding to Zn2+ was measured by a 

spectrofluorometer at 494 nm (Ex) and 514 nm (Em). After 5 min of basal level 

measurement, ZnO NP were injected in a final concentration of 100 µg/mL. Fmax was 

determined by incubation with 10 mM ZnCl2 and Fmin by complexation of free Zn2+ by the 

use of 100 µM EDTA. The intracellular Zn2+ concentration was then calculated using the 

following formula: 

[Zn2+] = ( )
( )FF

FFkd
−

−
×

max

min  

Formula 2: Calculation of intracellular Zn2+ concentration 

kd: dissociation constant; F: denotes fluorescence intensity measured at a single wavelength; Fmin: zero reference level of fluorescence; 
Fmax: maximal reference level of fluorescence. 

 

 

  



3 Materials and methods 

37 

3.2.5.2.3 Confocal laser scanning microscopy  

The confocal laser scanning microscopy (cLSM) facilitates the analysis and visualization 

of processes in living cells. The light or fluorescence microscopy is based on parallel 

pixel generation, while the cLSM creates each pixel separately. The cLSM uses point 

illumination and the light from the focus plane is conducted to the detectors by the 

detector pinhole aperture. Between the detectors and the pinhole aperture resides the 

fluorescence barrier filter which enables the detection of different wavelength depending 

on the fluorophore that is linked to the analyzing sample. The biological sample became 

scanned from the laser beam line by line in xy-direction. The generated fluorescence 

was then measured with detectors (photomultipliers) pixel by pixel. With this method a 

sharp image at a single focal plane of a sample can be excited (see Figure 8). 

Advantages of cLSM in cell live imaging are the high resolution, the depth in focus, and 

the visualization of 3D structures. It is possible to measure simultaneous several 

fluorescence dyes simultaneously co-localization experiments that can be calculated 

quantitatively. 

 

Figure 8:  Setup of confocal laser scanning microscope  

The cLSM permits 3D localization of labeled target molecules in cells. The principle of this method is 
described in 3.2.5.2.3. (adapted from:211,212). 
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3.2.5.2.4 Preparation of cLSM samples 

200,000 cells were seeded in an ibiTreat cell culture dish and incubated overnight at 

37°C and 5 % CO2. The cells were stained with an organelle tracker (see 3.2.5.2.5, 

3.2.5.2.6, and 3.2.5.2.7) followed with the replacement of medium by 2 mL cell culture 

buffer including 1 µM FluoZin™-3 (see 3.2.5.2.1). After 5 min of basal level 

measurement, ZnO NP or ZnCl2 were injected at a final concentration of 100 µg/mL. 

Afterwards, the changed intensity of FluoZin™-3 after binding to Zn2+ was measured and 

documented by cLSM over a period in time of 60 min. Fluorescence was excited at 

488 nm and detected in the spectral range of 505-600 nm using hybrid detector. 

 

3.2.5.2.5 MitoTracker® Deep Red FM 

The mitochondria were labeled using MitoTracker® Deep Red FM, which contains a thiol-

reactive chloromethyl moiety for specific targeting. The cells were pretreated with 

500 nM MitoTracker® at 37°C and 5 % CO2 for 45 min. After incubation, the cells were 

rinsed three times with cell culture buffer, prior loading with FluoZin™-3 (see 3.2.5.2.1). 

After further washing steps (3x 5 min) with cell culture buffer, cLSM measurement 

started. 

 

Table 11:  cLSM settings of FluoZin™-3 and MitoTracker® Deep Red FM 

 Dye Laser (Em) Laser line 
(Ex) 

Line-/Frame-
average 

Sequential setting 1 FluoZin™-3 PMT 2 (505 nm – 600 nm) 8 % (488) 8/1 Sequential setting 2 MitoTracker® Deep Red FM PMT 3 (656 nm- 739 nm) 8 % (633) 

 

3.2.5.2.6 ER-Tracker™ Red (glibenclamide BODIPY® TR) 

The endoplasmatic reticulum (ER) was stained using ER-Tracker™ Red. The dye is a 

drug conjugate of glibenclamide BODIPY® TR. Glibenclamide is able to bind directly to 

the sulphonylurea receptor of ATP-sensitive K+ channels localized on the ER. Cells were 

pretreated with 1 µM ER-Tracker™ Red at cell culture conditions for 45 min. Afterwards 

the cells were washed three times with cell culture buffer and loaded with FluoZin™-3 

(see 3.2.5.2.1). After three washing steps for 5 min with cell culture buffer, cLSM 

measurement started. 
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Table 12:  cLSM settings of FluoZin™-3 and ER-Tracker™ Red 

 Dye Laser (Em) Laser line 
(Ex) 

Line-/Frame-
average 

Sequential setting 1 FluoZin™-3 HyD 2 (505 nm – 550 nm) 8 % (488) 8/1 Sequential setting 2 ER-Tracker™ Red HyD 4 (587 nm - 631 nm) 8 % (561) 

 

3.2.5.2.7 CellLight® Reagent *BacMam 2.0* - early endosomes 

The used BacMam technology avails an insect cell virus (baculovirus), which is linked to 

a mammalian promoter. The CellLight® reagent for early endosomes is a fluorescent 

protein-signal peptide regulated by a promoter fused to the Rab5a sequence targeting 

the early endosomes. 200,000 cells in 2 mL medium were treated with CellLight®, 

according to the manufacturer´s data sheet. For one cell, 30 particles of the CellLight® 

Reagent were used. The cells were incubated with 12 µL CellLight® Reagent at 37°C 

and 5 % CO2 for 20 h. Afterwards, cells were washed three times with cell culture buffer 

and labeled with FluoZin™-3 as mentioned before (see 3.2.5.2.1). Then the cells were 

wasched with cell culture buffer (3x for 5 min), before cLSM measurement started. 

Transfection efficiencies were between 30 and 40 %. 

 

Table 13:  cLSM settings of FluoZin™-3 and CellLight® Reagent *BacMam 2.0* - early endosomes 

 
 Dye Laser (Em) Laser line 

(Ex) 
Line-/Frame-
average 

Sequential setting 1 FluoZin™-3 PMT 2 (500 nm – 560 nm) 5 % (488) 

16/1 Sequential setting 2 
CellLight® Reagent 
*BacMam 2.0* -  
early endosomes 

PMT 3 (580 nm - 633 nm) 15 % (561) 

 

3.2.6 Flow cytometry 

Flow cytometry facilitates rapid analysis of optical and fluorescence characteristics of 

single cells counted in a fluidic stream by a laser and electronic detection hardware. This 

technique provides simultaneous analysis of physical properties such as cell size and 

granularity as well as bound or intercalated fluorescence conjugated molecules of 

thousands of cells per second213,214. These features are dissected using an optical-to-

electronic coupling system that observed the cell scatters incident laser light and emitted 

fluorescence (BD Bioscience learning guide). The single cell suspension, in a 

hydrodynamic focused stream, is percolated by a laser of a single wavelength. The laser 

excites the electrons of the fluorescent dye to an advanced energy level. Afterwards, the 

electrons decline to their basal level under release of energy in terms of photons. The 

value of emitted photons recorded by a photon detector is proportional to the value of 

labeled molecules or antibodies per cell. The forward scatter (FSC) detector is in line 
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with the laser beam and its magnitude is roughly proportional to the cell size and volume. 

The side scatter (SSC) detector gives information about the granularity and complexity of 

the cell. The contemporaneous measurement of several fluorescence dyes is possible, if 

the used dyes became excited by the same laser (Argon laser, 488 nm) but emitted 

differentially at the specific emission spectra of the dye. If the emission spectra of the 

used dyes overlap, the signal of the detectors has to be compensated in order to avoid 

wrong positive or negative results.  

 

Figure 9:  Setup of flow cytometer  

The sample becomes hydrodynamic focused in a liquid stream and disposed to laser of a single wavelength. 
The incidental fluorescent and scattered light is conducted by dichroitic mirrors and optical filters to 
photomultipliers. The detectors convert this energy to electric signals that can be analyzed (adapted 
from:215). 

 

3.2.6.1 Analysis of apoptosis and necrosis 

Specific changes in the plasma membrane can be described as early events of 

apoptosis. In this state of apoptosis, phosphatidylserine (PS) lost its asymmetric 

distribution across the phospholipid bilayer and is translocated from the inner leaflet of 

the plasma membrane to the extracellular leaflet at the cell surface216,217. This process 

marks the cell for phagocytosis. Annexin V belongs to a family of calcium-dependent 

phospholipid-binding proteins which preferentially bind to PS and can be used as 

fluorescence marker, in a calcium dependent manner217,218. The described translocation 

of PS occurres as well during necrosis, but in case of necrosis the cell membrane loses 

integrity. Therefore, apoptosis and necrosis can be differentiated by the use of propidium 

iodide (PI) staining the DNA in necrotic cells (see Figure 10).  
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Figure 10:  Schematic illustration of apoptosis and necrosis detection using Annexin V 

Reorganization of plasma membrane develops in the early process of apoptosis. Annexin V stained cells that 
are used to indicate cell membrane changes. The early initiation of apoptosis disrupted the characterized cell 
surface phospholipid asymmetry. Then the phosphatidylserine, presented in the inner cell membrane, 
migrates through the plasma membrane. Annexin V specifically bound to phosphatidylserine in the presence 
of protein-dependent Ca2+ representing the early apoptotic process (adapted from: 219). 

 

To analyze, if the treatment of ZnO NP initiates apoptosis or necrosis, 650,000 cells per 

flask were counted, seeded and incubated overnight for adherence. Afterwards, cells 

were treated with ZnO NP (15-18 nm) with a final concentration of 100 µg/mL for 1 min, 

15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h. The staining of apoptosis was controlled 

by FITC Annexin V and necrosis by PI, respectively. After incubation, the medium was 

gathered in a tube and PBS after cells washing, respectively. Cells were detached using 

1 mL StemPro® Accutase® Cell Dissociation Reagent for 5 min at 37°C. The cells were 

centrifuged for 5 min at 300xg, then the supernatant was discarded and the pellet was 

washed for two times with cell staining buffer. The cells were resuspended in 100 µL 

1x Annexin V Binding Buffer containing 5 µL FITC Annexin V and 10 µL PI and were 

incubated at RT in the dark for 15 min. Prior to the measurement, 400 µL of the 

1x Annexin V Binding Buffer were added to the cells. The cells were analyzed by the use 

of a flow cytometer with wavelength at 488 nm and emission wavelength for FITC at 

518 nm and PI between 562 and 588 nm. FACS analysis was performed with a 

BD FACS Canto II apparatus and data were analyzed by using the FlowJo 7.6.3 

software. 
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3.2.7 Fluorimetric assays 

3.2.7.1 ROS Assay 

The generation of reactive oxygen species (ROS) at different points in time was 

assessed in A549 cells using 2,7-dichlorofluorescin diacetate (H2DFCDA). The non-

fluorescent compound H2DCFDA is de-esterified and oxidized in presence of ROS to 

fluorescent 2´,7´- dichlorofluorescein (DCF). ROS generation was studied by fluorimetric 

analysis analogous the publication of Wan et al. (1993)220. Cells (200,000 per well) were 

seeded in 6-well plates and allowed them to adhere for 24 h. Five different treatments 

were investigated: single treatment with ZnO NP, ZnCl2, ZnO NP + NAC, 

ZnO NP + DTPA, and ZnO NP + BSA (see 3.2.4.1, 3.2.4.2, 3.2.4.3, 3.2.4.4, and 3.2.4.5). 

As positive control of ROS, 500 nM and 1 mM of H2O2 were used and the cells were 

incubated with H2O2 in cell culture medium until the end of measurement. The cells were 

incubated with H2DCFDA (100 µM) at 37°C for 30 min. The reaction mixture was 

removed and the cells were washed with 2 mL PBS. Afterwards, the cells were covered 

with 2 mL cell culture medium containing ZnO NP or ZnCl2 (100 µg/mL). Fluorescence 

intensities were measured after 1 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h 

using a fluorescent microplate reader at an excitation wavelength of 485 nm and 

emission wavelength of 528 nm. The values were expressed as percentage of 

fluorescence intensities relative to the controls.  

 

3.2.7.2 Measurement of mitochondrial membrane potential 

The impairment of the mitochondria is a distinctive characteristic of early stages of 

apoptosis. This mitochondrial damage is further associated with changes in the 

mitochondrial membrane potential (ΔΨm). The mitochondrial permeability transition pore 

(MPTP) enable ions and small molecules the passage from the mitochondrion to the 

cytoplasm. The JC-1 dye is taken up from cells due to its lipophilic and cationic nature 

and selectively accumulates insight the electronegatively charged interior of 

mitochondria. JC-1 accumulates as J-aggregates in healthy mitochondria (Em: 590 nm) 

and after depolarisation the changes in ΔΨm cause the release of monomers of JC-1 

through the MPTP into the cytoplasm resulting in a shifting of emitted light to 530 nm. To 

analyze the changes of ΔΨm after ZnO NP and ZnCl2 treatment, 200,000 cells were 

seeded in a 6-well plate and treated with 2 µM JC-1 at 37°C for 30 min. The positive 

control was treated additionally with 100 mM CCCP, a protonophore, to depolarize the 

mitochondrial membrane. After incubation, the cells were washed three times with PBS. 

The cells were covered with 2 mL cell culture medium and the data were obtained using 
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a fluorescent microplate reader (Ex: 485 nm, Em: 538 nm and 600 nm). The 

measurement was performed after 1 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h, 

and values were expressed as percentage of mitochondrial membrane potential (ΔΨm) 

calculated by following formula:  

(ΔΨm) % =  

Fluorescence JC− 1 (600 nm)
Fluorescence JC− 1 (538 nm)�

Fluorescence CCCP (600 nm)
Fluorescence CCCP (538 nm)�

∗ 100 

Formula 3: Calculation of mitochondrial membrane potential 

(ΔΨm) = mitochondrial membrane potential, JC-1 = 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide, CCCP = Carbonyl 

cyanide m-chlorophenyl hydrazone 

 

3.2.7.3 Fluorescence microscopy of ΔΨm 

The changes of the mitochondrial membrane potential were performed using a 

fluorescence microscopy. The cells (approx. 200,000) were seeded on cover slips in a 

6-well plate and treated with 2 µM JC-1 at 37°C for 30 min. CCCP was used as positive 

control and the cells were treated additionally with 100 mM of the protonophore. After 

incubation, the cells were washed three times with PBS and incubated with 100 µg/mL of 

ZnO NP or ZnCl2 for 1 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h. The cells were 

washed three times with PBS and fixed with 4 % paraformaldehyde for 15 min. After 

another washing step with PBS the cover slips were mounted on slides using 

fluorescence mounting medium. The slides were examined using an inverted 

fluorescence microscope. 

 

3.2.7.4 AlamarBlue® Assay 

The AlamarBlue® Assay serves for analysis of cellular viability. The assay is based on a 

redox indicator that provides a colorimetric change and fluorescent signal in response to 

metabolic activity of cells 221. In order to investigate the effects of ZnO NP on the cellular 

viability 15,000 cells/well were seeded in a 96-well plate and cultivated overnight. The 

cells were treated with ZnO NP (see 3.2.4.1) at three different concentrations (0.1, 10 or 

100 µg/mL), respectively. The negative control for viability was incubated with 100 μL of 

100 % ice cold EtOH for 10 min. Afterwards, the medium was replaced with 200 µL fresh 

cell culture medium containing 10 % AlamarBlue® (10 % v/v). Subsequently, the cells 

were incubated at 37°C for 3 h. The data were obtained using a plate reader 

(Ex: 540 nm, Em: 600 nm).  
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3.2.7.5 Crystal violet Assay 

After measurement of cellular viability using AlamarBlue® Assay the results have to be 

compared to the total cell amount per well. For this, the cells were washed three times 

with PBS and a 0.2 % crystal purple solution (50 μL/well) was added to each well and 

incubated at 37°C for 10 min. After incubation time the cells were washed again and 

treated with 40 μL of 10 % acetic acid for lysation. The cell amount was measured on a 

microplate reader at 540 nm. Results of AlamarBlue® Assay were related to results of 

Crystel violet Assay and then the treated cells were referred to the untreated controls. 

Untreated control is set as 100 % of viability. 

 

3.2.7.6 γH2A.X immunofluorescence Assay  

The γH2A.X immunofluorescence assay is based on the fast phosphorylation of the 

histone H2A.X as a sensitive marker for DNA DSB222,223. The DNA damaging potential of 

ZnO NP, ZnO bulk and ZnCl2 was analyzed using the γH2A.X immunofluorescence 

assay. Cells (approx. 200,000) were cultivated on cover slips in 6-well plates. Three 

different concentrations of ZnO NP (0.1, 10 or 100 µg/mL) were investigated as well as 

two pretreatments (see 3.2.4.2), and BSA stabilized ZnO NP (see 3.2.4.4), ZnCl2, and 

ZnO bulk (see 3.2.4.5). After 1 min, 15 min, 30 min, 1 h, 4 h, and 24 h cells were fixed 

(15 min with 4 % paraformaldehyde and 10 min with methanol) and then washed with 

PBS. Nonspecific staining was blocked by incubation with 5 % BSA/PBS, 0.3 % 

Triton X-100 for 60 min. The cells were incubated with the primary antibody, anti-

phospho-Histone H2A.X (Ser139, 1:500) diluted 1:500 in PBS with 0.3 % Triton X-100 at 

RT following by washing two times with PBS. The secondary antibody (Alexa Fluor 

488 goat anti-mouse IgG) was applied at RT for 1 h. Then cells were washed two times 

in PBS, incubated in TBS with 400 mM NaCl for 2 min before getting washed again in 

PBS. The cover slips were mounted on slides using Vectashield® Hard+Set™ Mounting 

Medium with DAPI. All slides were examined using an inverted microscope. For 

quantitative analysis foci were counted using the software Image J 1.47f224. At least, 

60 cells were analyzed for each preparation. The foci amounts of each point in time were 

referred to the untreated control. The untreated control is set as 100 % of viability. 
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3.2.7.7 Immunostaining of primary cells of mucosa  

Primary cells were seeded on a cover slip (approx. 200,000 cells) and incubated at 37°C 

and 5 % CO2 overnight. The cells were washed three times with PBS and afterwards 

fixed with 4 % paraformaldehyde for 15 min. After this fixation step, cells were washed 

again three times with PBS and incubated for 5 min with TBS/Tween20. To block 

nonspecific interactions, cells were incubated with 1 % BSA/PBS (1:10) for 60 min. The 

cells were incubated with a primary antibody for epithelial cells (anti-cytokeratin 13, 

1:100) or fibroblasts (anti-FGFR4, 1:50) diluted in 1 % BSA/PBS at 4°C overnight. Cells 

were washed twice with TBS/Tween20 for 5 min. The secondary antibody (Goat-anti-

rabbit, biotinylated) was incubated in a dilution of 1:250 in 1 % BSA/PBS at RT for 

30 min. Afterwards, cells were washed two times with TBS/Tween20 and were incubated 

with Streptavidin/HRP conjugated in a dilution of 1:200 in 1 % BSA/PBS at RT for 

30 min. The negative control was incubated with 2 mL of hämalaun solution for 5 min; 

afterwards the cells were washed with tap water for 5 min. In the next step, cells were 

washed again with TBS/Tween20 for two times and covered on a slide with 

3,3´- diaminobenzidine (DAB). The staining was analyzed using an inverted light 

microscope. 

 

3.2.8  Biochemical methods 

3.2.8.1 Total protein extraction 

Cells were pretreated with NAC or DTPA (see 3.2.4.2, 3.2.4.3) and ZnO NP or were 

single treated with ZnO NP and ZnCl2 (see 3.2.4.1, 3.2.4.5). The epidermal growth factor 

(EGF) served as positive control just for Erk and Akt activation. The cells were treated 

with 10 nM EGF for 15 min, prior lysation. The cells were scratched and the cellular 

proteins were extracted in 200 µL 4x lysis buffer after ZnO NP incubation after 1 min, 

15 min, 30 min, 1 h, and 4 h. The cellular protein extracts were transferred to a 1.5 mL 

tube and sonicated for 30 sec. Then, the extracts were centrifuged at 12,000xg and 4°C 

for 20 min. The supernatants were transferred to a new 1.5 mL tube and used for protein 

determination.  

 

3.2.8.2 Protein determination  

The protein determination was carried out using the Bio-Rad DC™ (detergent 

compatible) protein assay kit, which is based on colorimetric reactions following the 

Lowry assay225. The protein determination kit was used according to the Bio-Rad 

manufacturer’s instructions. 
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3.2.8.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

 

Figure 11:  Illustration of gel electrophoresis, western blot and protein detection  

Western blotting is used to detect the amount or activation level of a specific protein. The proteins were 
separated by electrophoresis in a polyacrylamide gel, known as SDS-Page. Then the gel was placed on a 
membrane between four buffer soaked filter papers in a blotting tank. The proteins in the gel were 
transferred to the membrane from cathode to anode by electrical current. Afterwards, the membrane was 
incubated with a specific antibody against to protein of interest. The secondary antibody is conjugated to 
HRP enabling the protein detection after reaction of HRP with a luminescent compound (adapted 
from:226,227). 

 

3.2.8.3.1 Preparation of acrylamide gel  

Protein samples were analyzed by protein separation using a sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-Page) with a vertical electrophoresis chamber. 

Depending on the molecular weight of the analyzed protein, different acrylamide 

concentrations were used for the running gel (see Table 5). The prepared running gel 

solution was filled to three fourth between two glass plates with fixed 1.0 mm spacers 

and polymerized after covering with 70 % isopropyl alcohol at RT for 30 min. After gel 

curing the isopropanol was poured off and washed with distilled water. The 4 % stacking 

gel was added above the running gel. A silicone rubber comb was placed between the 

plates to create slots. After further 30 min of incubation, the acrylamide gel was ready to 

use for SDS-Page.  
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3.2.8.3.2 Gel electrophoresis 

After removing the silicone rubber comb and seal, the glass plates were fixed in a 

vertical electrophoresis chamber and filled up with 1x running buffer. In the first slot, 5 µL 

of PageRuler™ Prestained Protein Ladder was loaded. The protein samples were added 

to 4x lysis buffer with 2.5 mM dithiothreitol (DTT) and denaturized at 95°C for 10 min 

before the lysates were carefully loaded (final concentration: 30 µg/30 µL) into the slots 

of the stacking gel. The acrylamide gel ran at 15 mA/gel for the first 30 min and 

afterwards at 30 mA/gel with maximal voltage until the bromphenol blue band reached 

the bottom of the running gel. 

 

3.2.8.3.3 Western blot analysis 

The acrylamide gel was blotted to a nitrocellulose membrane using an electrophoresis 

blotter 226. The gel was replaced between the nitrocellulose membrane and four slides of 

blotting paper on each side (see Figure 11) presoaked with transferring buffer in an 

electrophoresis blotter. The proteins were transferred to the nitrocellulose membrane at 

1.5 mA/cm2 of acrylamide gel at RT for 1.25 h. The membrane was washed once in 

washing buffer and was then blocked with blocking buffer (3 % or 5 % powdered milk 

concentration depending on protein, which has been analyzed), at RT for 1 h (see Table 

6). After three washing steps for 5 min each, the membrane was incubated with the 

primary antibody diluted in blocking buffer under shaking conditions at 4°C overnight. 

The membrane was washed again 3x 5 min with washing buffer prior to incubation with a 

horseradish peroxidase (HRP)-linked secondary antibody at RT for 1 h. Then the 

membrane was washed again 3x 5 min with washing buffer. The used antibodies and 

dilutions are listed in Table 6. The respective antibodies were detected using enhanced 

chemiluminescent reagent (Western Lightning Plus - ECL) in a dilution 1:1 ratio by 

addition to the blotting membrane for 3 min. The immunostained proteins were recorded 

by the use of a ChemiDoc MP system. Band densities were normalized to the 

housekeeping protein β-actin or the total amount of protein and expressed as percentage 

of the respective controls. 
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3.2.8.3.4 Membrane stripping 

For detection of additional proteins (e.g., housekeeping protein), the used membranes 

were stripped with stripping buffer for 30 min and further by 1 % SDS in distilled water for 

30 min again, both at RT. The membranes were then washed 3x 5 min with washing 

buffer. The membrane was further treated with additional antibodies as mentioned before 

(see 3.2.8.3.3). 

 

3.2.8.4 Human Phospho-ATM (S1981) ELISA 

The biological impact of ZnO NP and ZnCl2 on DNA damage signaling was further 

analyzed using the phosphorylation status of the respective phosphatidylinositol-3-

kinases related kinases ATM, the main sensor of DNA DSB and activator of DNA 

damage response. The ELISA Kit Duo Set® IC Human Phospho-ATM was used to 

determine the phosphorylated amount of ATM in dependence of ZnO NP and ZnCl2 

treatment. The measurement of phosphorylated human ATM in cell lysates was 

performed according to the standard protocol of the manufacturer. The cells were lysed 

in ELISA lysis buffer# 13 after incubation with 100 µg/mL of ZnO NP and ZnCl2 and the 

following time steps: 1 min, 15 min, 30 min, 1 h and 4 h. Samples were then frozen until 

use. After dilution of the Phospho-ATM (S1981) capture antibody in PBS 

(final concentration 10 µg/mL) a 96- ELISA microplate was immediately coated with 

100 µL/well at RT for 24 h. Next day, the capture antibody was replaced by PBS and 

each well was washed two times with PBS. The ELISA microplate was further blocked 

with 300 µL blocking buffer at RT for 1 h. After washing three times for 5 min with PBS, 

100 µL of cell lysates or standard in IC Diluent# 4 were added and incubated at RT for 

2 h. After the third washing step, 100 µL of the Phospho-ATM (S1981) detection antibody 

(final concentration: 200 ng/mL) was incubated at RT for 2 h. After another washing step, 

100 µL of the streptavidin-HRP-solution was added and incubated at RT in the dark for 

20 min. The ELISA microplate was washed again and 100 µL of substrate solution was 

added and incubated at RT in the dark for staining development for 20 min. Finally, 

50 µL of stop solution was added and the optical density was measured using a 

microplate reader set at 450 nm and a wavelength correction of 540 nm. 
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3.2.9 Statistics 

The experiments were reproduced at least three times with the exception of primary cells 

of mucosa data. Mean values as well as standard errors or standard deviation for all 

experiments were calculated. The statistical analysis of the cell experiments was carried 

out using a one-way analysis of variance (ANOVA) with Bonferroni post-hoc test, two-

way analysis of variance (ANOVA), or student’s t-test (for paired samples). The p-values 

provided are only descriptive: p-values ≤ 0.05 (*) were termed significant, 

p-values ≤ 0.01(**) were termed highly significant and p-values ≤ 0.001(***) extremely 

significant. The analysis was performed using GraphPad Prism 5.  
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4 Results 

The following chapter facilitates insights into the genotoxic mechanisms of ZnO NP in a 

model of respiratory epithelia as results of this work. The chapter is subdivided into six 

parts. The first section deals with the characterization and solubility of the synthesized 

ZnO NP. In the second part the internalization, intracellular accumulation, and 

distribution of ZnO NP is documented. The third section outlines the toxicity of ZnO NP. 

In the fourth and fifth part the genotoxicity of ZnO NP is shown, especially the induction 

of DNA damages and the activation of DNA damage response. Finally, data concerning 

the genotoxicity of ZnO NP in primary cells of the mucosa are described.  

 

4.1 ZnO NP preparation and characterization 

The ZnO NP were prepared by the Institute of Inorganic and Analytical Chemistry of 

Johannes Gutenberg University Mainz, fabricating two different sizes of ZnO NP (4-5 nm 

and 15-18 nm). Characterization of the synthesized ZnO NP was performed using 

transmission electron microscopy (TEM) for size and X-ray diffraction (XRD) for ZnO NP 

crystallisation. The surface charge of the particles was analyzed using ζ-potential 

measurement. The solubility of ZnO NP was measured using atomic absorption 

spectroscopy (AAS). Results are detailed in the following sections. 

 

4.1.1 TEM, XRD and ζ-potential measurements 

The TEM images showed the presence of non-aggregated spherical particles 

homogeneously dispersed in high purity H2O. The size distribution obtained from TEM 

showed an average size value of ZnO NP centered at 4-5 nm (Figure 12A) and 

15-18 nm (Figure 12C). The phase identity and crystallinity of the ZnO NP was certified 

using XRD (Figure 12B and D). All reflections can be indexed to the ZnO structure 

(wurtzite) with the lattice parameters a = 3.24 Å, c = 5.20 Å and space group (SG) 

P63mc. The ζ-potential of ZnO NP (4-5 nm) was defined as -1 mV and of ZnO NP 

(15-18 nm) as + 40 mV. 
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Figure 12:  ZnO NP characterization by TEM and XRD measurement 

(A) TEM image of synthesized ZnO NP (4-5 nm) and the corresponding (B) XRD pattern. (C) Shows the 
TEM image of ZnO NP (15-18 nm) and the corresponding (C) XRD pattern. 

 

4.1.2 Solubility of ZnO NP 

The concentration of Zn2+ in the supernatants after dispersion in high purity H2O or cell 

culture medium was measured by AAS at different points in time (Figure 13). In Figure 

13A the cumulated levels of released Zn2+ dissociated from ZnO NP (4-5 nm) are shown 

in a time-dependent manner. It could be observed that ZnO NP (4-5 nm) dissociated 

faster in high purity H2O than in cell culture medium (~ 100 mg/L in high purity H2O and 

~ 50 mg/L in cell culture medium after 4 h). Figure 13B shows enrichment of Zn2+ in high 

purity H2O and cell culture medium released from ZnO NP (15-18 nm) in a time-

dependent manner. The larger particles (15-18 nm) showed as well a time-dependent 

release of Zn2+ in both solutions but in a smaller dimension in contrast to ZnO NP 

(4-5 nm). The Zn2+ concentration after ZnO NP (15-18 nm) treatment increased 

continuously in both solutions (~ 25 mg/L in high purity H2O and ~ 35 mg/L in cell culture 

medium after 4 h). Furthermore, the larger particles were more dissociated in cell culture 

medium than in high purity H2O. 
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Figure 13:  Cumulated solubility of ZnO NP in high purity H2O and cell culture medium 

The solubilities of ZnO NP (4-5 nm) and ZnO NP (15-18 nm) in high purity H2O and cell culture medium are 
shown. (A) Time-dependent increase of Zn2+ in high purity H2O and cell culture medium after incubation with 
ZnO NP (4-5 nm). The smaller particles dissociated faster in high purity H2O than cell culture medium. 
(B) Time-dependent enrichment of Zn2+ in high purity H2O and cell culture medium after treatment with 
ZnO NP (15-18 nm). The larger particles showed a reduced dissociation in comparison to the smaller 
particles. They further dissociated faster in cell culture medium than in high purity H2O. N=1. 
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4.2 Intracellular localization and distribution of ZnO NP 

4.2.1 Intracellular localization of ZnO NP measured by TEM 

Transmission electron microscopy (TEM) gives information about cellular morphology, 

particle incorporation and cellular distribution. To investigate the intracellular localization 

of ZnO NP, TEM was performed after particle treatment for several points in time. 

Incorporated and distributed ZnO NP (4-5 nm) and ZnO NP (15-18 nm) after 1 h of 

exposure are shown in Figure 14 and Figure 15. Figure 14 shows the morphology and 

cellular uptake of ZnO NP (4-5 nm). Agglomerated ZnO NP (4-5 nm) were detected in 

the cytoplasm. As shown in Figure 15F, E, and G, incorporated ZnO NP (15-18 nm) were 

rarely localized in the cytoplasm, nucleus, mitochondria and nuclear envelope.  
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Figure 14:  TEM analysis of ZnO NP (4-5 nm) treated A549 cells 

A549 cells were incubated with 100 µg/mL ZnO NP. (A) Control without ZnO NP treatment. (B) 1 min, 
(C) 15 min, (D) 30 min, (E) 1 h and (F) 4 h incubation with ZnO NP. (E) Arrows point to the ZnO NP localized 
in the cytoplasm. Scale bar A, B, C, D, F: 5 µm; E: 2 µm; n = nucleus, c = cytoplasm. Magnification A-F: 
2784x. 
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Figure 15:  TEM analysis of ZnO NP (15-18 nm) treated A549 cells 

A549 cells were exposed to 100 µg/mL ZnO NP. (A) Control without ZnO NP treatment. (B) 1 min, 
(C) 15 min, (D) 30 min, (E) (F) (G) 1 h and (H) 4 h incubation with the particles. (F) Arrows mark the 
aggregated ZnO NP, which are intracellular localized in cytoplasm and nuclear region. (E) Arrow points to 
the particles in mitochondria. (G) Arrow points to the particles between the cytoplasm and the nucleus in the 
nuclear envelope. Scale bar A, B, C, D, E, F: 5 µm; E: 500 nm; G: 1 µm. n = nucleus, c = cytoplasm, 
m = mitochondira and ne = nuclear envelope. Magnification A-G: 2784x, H: 6000x. 



4 Results 

57 

4.2.2 Intracellular increase of Zn2+ after ZnO NP treatment 

The extra- or intracellular dissociation of ZnO NP as mechanism of genotoxicity is 

hypothesized. The cells were loaded with FluoZinTM-3, a detector of intracellular free 

zinc, and afterwards treated with ZnO NP (4-5 nm) or ZnO NP (15-18 nm). The 

intracellular accumulation of Zn2+ was analyzed by spectrofluorometer. Cells were 

pretreated with the cell impermeable chelator DTPA to complex Zn2+ specifically. 

Furthermore, the ZnO NP were stabilized by BSA to prevent dissociation. ZnO NP 

(4-5 nm) treatment entailed to a slight intracellular increase of Zn2+ concentration from 

1 nM in the first seconds to a maximum of 2.5 nM after 60 min (Figure 16A). The 

exposure to ZnO NP (15-18 nm) showed a fast intracellular increase of Zn2+ (Figure 

17A). The intracellular Zn2+ concentration enhanced in the first seconds to 10 nM and 

increased continuously to a level of 35 nM after 60 min (Figure 17A). The extracellular 

chelation of Zn2+ by DTPA resulted in a residual intracellular increase of Zn2+ to a 

maximum of 0.5 nM after 10 min, as seen after treatment with both sizes of ZnO NP (4-5 

nm and 15-18 nm) (Figure 16B and Figure 17B). BSA stabilization of ZnO NP (4-5 nm) 

resulted in a slight increase of intracellular Zn2+ with a maximal level of 2.5 nM after 

60 min (Figure 16C). Figure 17C shows an intracellular increase of Zn2+ up to 3 nM in the 

first seconds keeping this level constant until the end of measurement (Figure 17C). In 

summary, the ZnO NP (4-5 nm) as well as ZnO NP (15-18 nm) dissociate quickly 

extracellular and were taken up by the cells as Zn2+. 
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Figure 16:  Spectrofluorimetric analysis of intracellular Zn2+-levels after ZnO NP (4-5 nm) exposure 

Spectrofluorometric measurements of intracellular Zn2+ after ZnO NP, ZnO NP + DTPA and ZnO NP + BSA 
treatment. (A) The intracellular Zn2+ level increased in the first seconds of exposure from 0.1 nM to ~ 1 nM 
and increased afterwards continuously to a level of 2.5 nM after 60 min. (B) Pretreatment with DTPA resulted 
in no intracellular increase of Zn2+. (C) BSA stabilized ZnO NP (4-5 nm) showed an intracellular increase of 
Zn2+ comparable to treatment with pure particles. N=3. 
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Figure 17:  Spectrofluorimetric analysis of intracellular Zn2+ after ZnO NP (15-18 nm) exposure 

Spectrofluorometric measurements of intracellular Zn2+ after ZnO NP, ZnO NP + DTPA and ZnO NP + BSA 
treatments. (A) ZnO NP (15-18 nm) exposure led to an increased intracellular Zn2+-level. The Zn2+-level 
raised to 10 nM in the first seconds and increased continuously to 35 nM after 60 min. (B) The pretreatment 
with DTPA resulted in no intracellular increase of Zn2+. (C) The BSA stabilized ZnO NP exposure led to an 
intracellular increase of Zn2+ up to 3 nM in the first seconds and retaining this level over the measurement. 
* = p<0.05, ** = p<0.01, *** = p<0.001 (ZnO NP (15-18 nm) + DTPA and ZnO NP (15-18 nm) + BSA in 
comparison to ZnO NP (15-18 nm)), at least N=3.  

 

4.2.3 Intracellular distribution of Zn2+ after ZnO NP or ZnCl2 treatment 

To further evaluate the observed influx of Zn2+ (Figure 16 and Figure 17) cLSM live 

imaging of A549 cells was performed. FluoZinTM-3 was used as detector of free 

intracellular Zn2+ after ZnO NP or ZnCl2 treatment. The cells were loaded with 

FluoZinTM-3 as mentioned in 3.2.5.2.1 and three compartments (early endosomes, 

endoplasmatic reticulum, and mitochondria) were co-localized by fluorescent dyes as 

described in 3.2.5.2.5, 3.2.5.2.6, and 3.2.5.2.7. The cells were treated with ZnO NP 

(4-5 nm), ZnO NP (15-18 nm) or ZnCl2 and the localization of Zn2+ was detected each 

minute for finally 1 h.  
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4.2.3.1 Zn2+ distribution after ZnO NP (4-5 nm) treatment 

The Zn2+-level did not increase in the early endosomes after particle treatment. Detected 

Zn2+ was of endogenous sources (Figure 18). In the endosplasmatic reticulum (ER) no 

Zn2+ was detected after ZnO NP (4-5 nm) exposure (Figure 19). The treatment with 

ZnO NP resulted in a mitochondrial accumulation of Zn2+ after 10 min persisting until the 

end of measurement (Figure 20).  

 

Figure 18:  cLSM images of early endosomes after ZnO NP (4-5 nm) exposure 

(A) Untreated A549 cells, loaded with FluoZinTM-3 and CellLight® Early Endosomes-RFP. Arrows point to 
Zn2+ accumulation in early endosomes under physiological conditions in untreated cells. (B) A549 cells 
loaded with FluoZinTM-3 and CellLight® Early Endosomes-RFP after 60 min of ZnO NP (4-5 nm) treatment. 
No accumulation of Zn2+ in early endosomes after ZnO NP (4-5 nm) exposure was detected. Arrows point to 
the Zn2+ accumulation in early endosomes before the particles were exposed. Green = FluoZinTM-3, 
red = CellLight® Early Endosomes-RFP, yellow = co-localization of Zn2+ with early endosomes. Scale bar: 
10 µm. 

 

Figure 19:  cLSM images of ER after ZnO NP (4-5 nm) treatment 

(A) Untreated A549 cells, loaded with FluoZinTM-3 and ER-TrackerTM Red. (B) A549 cells loaded with 
FluoZinTM-3 and ER-TrackerTM Red after 60 min of ZnO NP (4-5 nm) treatment. No distribution of Zn2+ in the 
ER was detectable after ZnO NP (4-5 nm) treatment. Green = FluoZinTM-3, red = ER-TrackerTM Red. Scale 
bar: 10 µm. 
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Figure 20:  cLSM images of mitochondria after ZnO NP (4-5 nm) treatment 

Live imaging of A549 cells loaded with FluoZinTM-3 and MitoTracker® Deep Red FM and treated with 
ZnO NP (4-5 nm). The images show an increase of Zn2+ in mitochondria after 10 min keeping this Zn2+-level 
in the period of time. The images on the right show an enlargement of the overlay images. Arrows point to 
the Zn2+ accumulation inside mitochondria. Co-localization of Zn2+ and mitochondria is indicated in the image 
as yellow overlay. Green = FluoZinTM-3, red = MitoTracker® Deep Red FM. Scale bar: 50 µm. 
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4.2.3.2 Zn2+ distribution after ZnO NP (15-18 nm) treatment 

The stained cells with FluoZinTM-3 and CellLight® Early Endosomes-RFP showed no 

co-localization of Zn2+ in early endosomes after ZnO NP (15-18 nm) treatment (Figure 

21). No Zn2+ accumulation was detected in the endosplasmatic reticulum after ZnO NP 

(15-18 nm) treatment (Figure 22). The exposure to ZnO NP (15-18 nm) resulted in a 

continuous mitochondrial Zn2+ accumulation until 20 min of exposure. Afterwards, the 

Zn2+-level is kept constant until the end of measurement (Figure 23). 

 

Figure 21:  cLSM images of early endosomes after ZnO NP (15-18 nm) exposure 

(A) Untreated A549 cells loaded with FluoZinTM-3 and CellLight® Early Endosomes-RFP. (B) A549 cells 
loaded with FluoZinTM-3 and CellLight® Early Endosomes-RFP after 60 min of ZnO NP (15-18 nm) treatment. 
No accumulation of Zn2+ in early endosomes could be observed. Green = FluoZinTM-3, red = CellLight® Early 
Endosomes-RFP. Scale bar: 10 µm. 

 

Figure 22:  cLSM images of ER after ZnO NP (15-18 nm) treatment 

(A) Untreated A549 cells, loaded with FluoZinTM-3 and ER-TrackerTM Red. (B) A549 cells loaded with 
FluoZinTM-3 and ER-TrackerTM Red after 60 min of ZnO NP (15-18 nm) treatment. No accumulation of Zn2+ 
in ER after ZnO NP (15-18 nm) treatment was detected in A549 cells. Green = FluoZinTM-3, red = ER-
TrackerTM Red. Scale bar: 10 µm. 
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Figure 23:  cLSM images of mitochondria after ZnO NP (15-18 nm) treatment 

Live imaging of A549 cells loaded with FluoZinTM-3 and MitoTracker® Deep Red FM and treated with 
ZnO NP (15-18 nm). The images show a continuous increase of Zn2+ in mitochondria until 20 min keeping 
this Zn2+-level to the end of measurement. The images on the right show an enlargement of the overlay 
images. Arrows point to the Zn2+ distribution inside the mitochondria. Co-localization of Zn2+ and 
mitochondria is indicated in the image as yellow overlay. Green = FluoZinTM-3, red = MitoTracker® Deep 
Red FM. Scale bar: 50 µm. 
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4.2.3.3 Zn2+ accumulation in A549 cells after ZnCl2 exposure 

The involvement of an appropriate reference material, (e.g., ZnCl2) is essential in order 

to assess specific nanoparticle risks. As positive control for dissociated ZnO NP to Zn2+, 

the treatment with ZnCl2 was investigated. Treatment with ZnCl2 resulted in strong 

FluoZinTM-3 increments. Zn2+ in early endosomes could be observed in single 

endosomes after 1 min of ZnCl2 treatment following by reinforced accumulation over the 

period in time (Figure 24). ZnCl2 exposure resulted in a fast Zn2+ distribution at the ER 

after 1 min and increased until 10 min, keeping this level over the period in time (Figure 

25). The accumulation of Zn2+ after ZnCl2 treatment resulted in a fast mitochondrial 

accumulation until 1 min, keeping this high level of Zn2+ until the end of measurement 

(Figure 26). Some cells showed small constructed bodies containing FluoZinTM-3 after 

10 min. The bodies enlarged their size continuously (Figure 26, light blue arrow), 

suggesting the beginning of apoptosis or maybe autophagy. 
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Figure 24:  cLSM images of early endosomes after ZnCl2 exposure  

Live imaging of A549 cells loaded with FluoZinTM-3 and CellLight® Early Endosomes-RFP and treated with 
ZnCl2. Zn2+ in early endosomes could be observed in single endosomes after 1 min of ZnCl2 treatment 
following by reinforced distribution over the period in time. The images on the right show an enlargement of 
the overlay images. Arrows show the Zn2+ accumulation inside the early endosomes. Co-localization of Zn2+ 
and early endosomes is indicated in the image as yellow overlap. Green = FluoZinTM-3, red = CellLight® 
Early Endosomes-RFP. Scale bar: 25 µm. 
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Figure 25:  cLSM images of ER after ZnCl2 exposure 

Live imaging of A549 cells loaded with FluoZinTM-3 and ER-TrackerTM Red and then treated with ZnCl2. 
ZnCl2 exposure resulted in a fast Zn2+ accumulation in the ER after 1 min and increased until 10 min, 
keeping this level until the end of measurement. The images on the right show an enlargement of the overlay 
images. Arrows show the Zn2+ accumulation inside the ER. Co-localization of Zn2+ and ER is indicated in the 
image as yellow overlap. Green = FluoZinTM-3, red = ER-TrackerTM Red. Scale bar: 25 µm. 
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Figure 26:  cLSM images of mitochondria after ZnCl2 exposure 

Live imaging of A549 cells loaded with FluoZinTM-3 and MitoTracker® Deep Red FM and then exposed to 
ZnCl2. ZnCl2 treatment led to a fast accumulation of Zn2+ in mitochondria of A549 cells. The distribution of 
Zn2+ after ZnCl2 treatment resulted in a fast mitochondrial accumulation until 1 min, holding this high 
Zn2+-level until the end of measurement. The images on the right show an enlargement of the overlay 
images. White arrows show the Zn2+ accumulation inside the mitochondria. The blue arrow points to the 
supposed apoptotic bodies. Co-localization of Zn2+ and mitochondria is indicated in the image as yellow 
overlap. Green = FluoZinTM-3, red = MitoTracker® Deep Red FM. Scale bar: 25 µm. 
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4.2.4 Strong accumulation of Zn2+ in the nucleus 

The cLSM measurement of intracellular Zn2+ accumulation illustrated a fast increase 

inside the nucleus after treatment with ZnO NP (4-5 nm, 15-18 nm) and ZnCl2 (Figure 

27). The treatment with ZnO NP (4-5 nm) resulted in a strong nuclear Zn2+ distribution 

after 10 min (+ 1062 %) and + 1729 % after 20 min. This level remained largely 

unchanged until the end of measurement (Figure 27A). ZnO NP (15-18 nm) treatment 

showed as well a fast Zn2+ distribution in the nucleus. FluoZinTM-3 enriched continuously 

in the nucleus after 10 min of treatment with ZnO NP (15-18 nm) achieving a maximum 

of + 611 % after 40 min compared to the control (Figure 27B). Figure 27C shows the 

Zn2+ accumulation in the nucleus after treatment with ZnCl2. This exposure results as 

well in a fast nuclear increase of Zn2+ after 1 min, but not with the same intensity as 

shown for ZnO NP. This Zn2+ level was increased up to + 261 % after 10 min and 

remained until the end of measurement (Figure 27C). The cells of cLSM measurement in 

Figure 18-27 were analyzed using software Image J 1.47f and the intensity of FluoZinTM-

3 in the nucleus of each point in time was referred to the untreated control. The control 

was set as 100 %. 

 

Figure 27:  Measurement of nuclear Zn2+ accumulation 

Live imaging of A549 cells loaded with FluoZinTM-3, indicating Zn2+, and exposed to ZnO NP (4-5 nm, 
18-15 nm) and ZnCl2. All treatments resulted in a fast accumulation of FluoZinTM-3 in the nucleus. 
(A) Exposure to ZnO NP (4-5 nm) resulted in a fast and strong distribution of Zn2+ up to 1062 % after 10 min 
and with a maximum of + 1729 % after 20 min. (B) ZnO NP (15-18 nm) exposure resulted in a continuous 
Zn2+ distribution in the nucleus after 10 min with a maximum of + 611 % after 40 min compared to the 
control. (C) Treatment to ZnCl2 led to a fast accumulation of Zn2+ in the nucleus after 1 min. This Zn2+-level 
was more increased after 10 min up to 261 % and holding this level until the end of measurement. 
* = p<0.05, ** = p<0.01, *** = p<0.001; N=3. 
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4.3 Toxicity of ZnO NP  

4.3.1 Cellular viability after ZnO NP treatment 

The toxicity of different ZnO NP concentrations was analyzed by Alamar Blue® assay 

using a reagent containing resazurin. This non fluorescent dye is oxidized to the 

fluorescent product resorufin by viable cells. Color intensity was then referred to the 

number of viable cells measured by crystal violet staining of the cells and compared to 

the control set as 100 %. Figure 28 shows the cellular viability after treatment with both 

sizes of ZnO NP (A: 4-5 nm, B: 15-18 nm) of three different concentrations (0.1 µg/mL, 

10 µg/mL, and 100 µg/mL) over the period in time. Figure 28A shows no reduction of 

cellular viability after treatment with 0.1 and 10 µg/mL of ZnO NP (4-5 nm). The exposure 

to 100 µg/mL resulted in a continuous decrease of viability to ~ 50 % after 4 h (Figure 

28A). In contrast, the exposure to 0.1µg/mL ZnO NP (15-18 nm) resulted in an increase 

of cellular viability up to 137 % and this level remained until the end of measurement 

(4 h) (Figure 28B). The treatment with 10 µg/mL resulted in a similar increase. Exposure 

to 100 µg/mL ZnO NP (15-18 nm) resulted in a slight decrease ending in a maximal 

reduction of 17 % after 4 h (Figure 28B). 

 

Figure 28:  Cellular viability after ZnO NP treatment 

The cellular viability of ZnO NP (4-5 nm and 15-18 nm) was measured using Alamar Blue®. Three different 
particle concentrations of 0.1, 10, and 100 µg/mL in A549 cells were applied. (A) 0.1 and 10 µg/mL of 
ZnO NP (4-5 nm) resulted in no reduction of cellular viability. Treatment with 100 µg/mL led to a continuous 
decrease of cellular viability. (B) The treatment with 0.1 µg/mL ZnO NP (15-18 nm) resulted in an initial 
increase until 15 min and keeping this level. Exposure to 10 µg/mL of ZnO NP (15-18 nm) led to a 
continuous increase until the end of measurement. The treatment with 100 µg/mL resulted in a slight 
reduction of cellular viability. Square = 0.1 µg/mL, dot = 10 µg/mL, and triangle = 100 µg/mL; * = p<0.05; 
N=3. 
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4.3.2 Stabilization of ZnO NP with BSA  

Bovine serum albumin (BSA) was used to stabilize ZnO NP, preventing the particle 

dissociation to Zn2+. The treatment with ZnO NP resulted in a strong reduction of cellular 

viability after 24 h. This effect became abolished by BSA stabilization of ZnO NP (Figure 

29). The treatment with 100 µg/mL ZnO NP (4-5 nm) caused ~ 80 % decrease of viable 

cells. This toxic effect was reversed by BSA coating and resulted in increased cellular 

viability compared to untreated control (Figure 29A). This effect can be seen likewise 

after treatment with ZnO NP (15-18 nm) (Figure 29B).  

 

Figure 29:  Analysis of viability after treatment with BSA coated ZnO NP 

Cellular viability of A549 cells treated with ZnO NP and BSA stabilized ZnO NP after 24 h (100 µg/mL). 
(A) A549 cells treated with ZnO NP (4-5 nm). (B) A549 cells treated with ZnO NP (15-18 nm). BSA coating 
prevented cellular toxicity, while ZnO NP treatment caused ~ 80 % decrease of viable cells. * = p<0.05, 
** = p<0.01, *** = p<0.001; N=3.  

 

4.3.3 Measurement of intracellular reactive oxygen species  

The generation of reactive oxygen species (ROS) may lead to DNA damages and is a 

discussed mechanism of nanoparticle induced toxicity. Intracellular ROS was analyzed 

after ZnO NP (4-5 nm, 15-18 nm) and ZnCl2 treatment. ROS was determined using the 

compound H2DCF-DA after exposure to ZnO NP, ZnCl2, ZnO NP + BSA (particle 

stabilization), ZnO NP + DTPA (Zn2+ chelating) and ZnO NP + NAC (ROS scavenging). 

Hydrogen peroxide was used as positive control of ROS generation. Figure 30 shows the 

levels of ROS in untreated cells (light grey dots) and the H2O2 treated cells (grey 

quarters = 500 µM, black triangles = 1 mM) as positive controls. The untreated cells 

showed a maximal ROS-level with + 150 % after 6 h. Treatment with 500 µM H2O2 

resulted in a continuous increase of ROS, reaching a stable level of about 450 % 
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after 2 h. A similar curve was found after treatment with 1 mM H2O2 reaching 630 % after 

2 h.  

 

Figure 30:  ROS-levels in untreated and H2O2 treated cells  

Measurement of intracellular ROS-levels in A549 cells after treatment with 500 µM and 1 mM H2O2 as 
positive control for ROS. The control showed the level of ROS in untreated cells with a maximal increase of 
ROS up to ~ 150 % after 6 h. The treatment to the positive controls resulted in a continuous increase of 
intracellular ROS-levels reaching saturation after 1 h. The control showed a slight increase of ROS after 3 h. 
N=3. 

 

In Figure 31A and B the ROS data of ZnO NP treated A549 cells are shown. Moreover, 

the controls including ZnCl2, NAC, DTPA, and BSA coated ZnO NP are represented. The 

ROS-levels of each treatment were refered to the control of each point in time. All 

treatments except ZnO NP + NAC showed an approximately 25 % up-regulation of 

intracellular ROS until the first 30 min of exposure (Figure 31A and Figure 31B). The 

pretreatment with NAC was able to reduce the ROS-level strongly at all points in time to 

~ 14 % compared to the untreated controls. Both sizes of BSA stabilized ZnO NP were 

able to reduce ROS generation after 30 min down to ~ 15 %. In spite of extracellular 

complexing of dissociated ZnO NP (4-5 nm) a 15 % up-regulation of ROS in the first 

30 min followed by a down-regulation to basal levels was observed. The complexation of 

ZnO NP (15-18 nm) resulted in a generation of ROS up to 115 % in the first 30 min 

followed by a down-regulation to basal levels. Single treatment with ZnO NP (4-5 nm) 

resulted initially in increased ROS-levels (approx. + 25 %). In comparison to ZnO NP 

(4-5 nm), the exposure to ZnO NP (15-18 nm), reached an intracellular ROS-levels of 

117 % after 1 min, 124 % after 15 min, and increased continuously to a maximum of 

155 % after 6 h. ZnCl2, as control for Zn2+, led to increased intracellular ROS-levels 

comparable to ZnO NP treatment of both sizes until the first 30 min. After 30 min of ZnCl2 
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exposure the ROS-levels increased further and achieved its maximum close to 200 % 

after 6 h.  

 

Figure 31:  Measurement of intracellular ROS-levels 

Measurement of intracellular ROS-levels in A549 cells after treatment with ZnO NP (4-5 nm, 15-18 nm), 
pretreatment with NAC, DTPA, stabilization of particles with BSA, and ZnCl2 exposure. (A) Treatment with 
ZnO NP (4-5 nm, pink triangle) as well as all pretreatments led to slightly increased intracellular ROS-levels 
(~ 25 %) after the first 30 min. Then all treatments declined to basal levels. Exposure to ZnCl2 resulted in 
continuously increased ROS-levels, reaching ~ 200 % (green circle). (B) Treatments with ZnO NP 
(15-18 nm) led to an up-regulation of ~ 25 % in the first 30 min returning to basal levels thereafter or 
reaching ~ 200 % in the case of ZnCl2 (green circle). ZnO NP (15-18 nm) treatment resulted in further 
accumulation of ROS to levels reaching 150 % compared to the control (blue triangle). * = p<0.05, 
** = p<0.01, *** = p<0.001 (all treatments are referred to ZnO NP single treatment), N=3. 

 

4.3.4 Measurement of mitochondrial membrane potential 

High levels of intracellular ROS are associated with the depolarization of mitochondrial 

membrane potential (ΔΨm) and released cytochrome c (cyt c) that further leads to 

apoptosis129. In order to investigate the mitochondrial response to ZnO NP and ZnCl2, 

A549 cells were loaded with JC-1, a permeable, cationic, and mitochondrial specific 

fluorescent dye. JC-1 dye is subjected to form aggregates of multiple fluorophores in the 

highly electronegative environment of the mitochondrial matrix. The ΔΨm was measured 

after ZnO NP (4-5 nm, 15-18 nm) and ZnCl2 treatment by fluorescence spectroscopy 

(Figure 32A). The acquired fluorescence images after treatment with ZnO NP (4-5 nm), 

ZnO NP (15-18 nm), and ZnCl2 were visualized by fluorescence microscopy (Figure 

32B). Figure 32A shows that ZnO NP (4-5 nm, pink triangle) as well as ZnCl2 (green 

circle) treatment led to similar results and showed no depolarization of ΔΨm. In contrast 
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to these findings, the exposure to ZnO NP (15-18 nm, blue triangle) showed a 

continuous depolarization of ΔΨm with a maximum decrease to 25 % after 6 h. In Figure 

32B the fluorescence images of A549 cells loaded with JC-1 dye before treatment and 

after 6 h of exposure to ZnO NP (4-5 nm, 15-18 nm) and ZnCl2 comparable to the 

spectrofluorometric measurements are shown. In healthy cells, JC-1 forms J-aggregates 

with intense red fluorescence as seen in Figure 32B (control). However, in cells with 

depolarized ΔΨm the dye converted to monomers which exhibit green fluorescence 

(positive control, CCCP). Figure 32B shows the overlay images of red and green 

emission and demonstrates the ΔΨm in A549 cells after 6 h. 

 

Figure 32:  Analysis of ΔΨm after treatment with ZnO NP (4-5 nm), ZnO NP (15-18 nm), and ZnCl2 

(A) Spectrofluorimetric measurement of ΔΨm in A549 cells after treatment with ZnO NP (4-5 nm, 15-18 nm) 
and ZnCl2. Mitochondrial membrane integrity was not reduced by ZnO NP (4-5 nm) and ZnCl2 treatment. 
Treatment with ZnO NP (15-18 nm) showed a continuously decrease of ΔΨm to ~ 30 % after 6 h. 
(B) Corresponding fluorescence microscopy images of ΔΨm in untreated and treated cells after 6 h of 
ZnO NP (4-5 nm and 15-18 nm) and ZnCl2 treatment. Red = polarized ΔΨm; green = depolarized ΔΨm. 
** = p<0.01, *** = p<0.001 (all treatments are referred to ZnO NP (15-18 nm) treatment), N=3. 
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4.4 DNA damage analysis after ZnO NP exposure 

γH2A.X immunofluorescence assay was performed to visualize and quantify DNA 

damages as well as the activation of DNA damage repair signaling after treatment with 

ZnO NP or ZnCl2.  

 

4.4.1 Concentration-dependent analysis of ZnO NP genotoxicity 

Genotoxicity of ZnO NP has been analyzed in three different cell lines (A549, 

HNSCCUM-02T and NIH/3T3). The main uptake pathway of nanoparticles is by 

inhalation through the respiratory epithelia, therefore HNSCCUM-02T was used as a 

model for the primary upper contact area and A549 cells were used as model for the 

lower respiratory tract. NIH/3T3 cells served as fibroblast control. The cells were treated 

with 0.1, 10 and 100 µg/mL ZnO NP and the generation of DNA DSB was evaluated 

using γH2A.X immunofluorescence assay (see 3.2.7.6). The DNA damages after 

ZnO NP (4-5 nm) and ZnO NP (15-18 nm) treatments were investigated in three cell 

lines and the results are shown in Figure 33 and Figure 34.  

 
4.4.1.1 Treatment of cell lines with ZnO NP (4-5 nm) 

The treatment of all three cell lines with ZnO NP (4-5 nm) resulted in slight increase of 

DNA damages after 1 min (Figure 33A, B and C). A549 treatment with ZnO NP (4-5 nm) 

resulted in a concentration-dependent increase of DNA DSB after 15 min (Figure 33D), 

while the comparable treatments to HNSCCUM-02T- and NIH/3T3 cells showed no DNA 

damages (Figure 33E und F). The observed DNA damages in A549 cells after 15 min 

were not seen after 1 h presumably because of DNA damage repair activation (Figure 

33G). NIH/3T3 cells reacted with a strong concentration-dependent phosphorylation of 

H2A.X to ZnO NP (4-5 nm) treatment (Figure 33I). Figure 33K showed a strong increase 

of DNA DSB in HNSCCUM-02T cells after 4 h of exposure (10 µg/mL ≙ + 1982 %, 

100 µg/mL ≙ + 1992 %). Similar to HNSCCUM-02T cells, NIH/3T3 cells showed a strong 

phosphorylation of H2A.X after 4 h exposed to the highest ZnO NP concentration. After 

24 h in all cell lines a dose-dependent increase of DNA DSB was observed and non 

remaining cells after treatment with the highest concentration were detected.  
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Figure 33:  Concentration-dependent analysis of ZnO NP (4-5 nm) treated cells 

A549, HNSCCUM-02T, and NIH/3T3 cells were exposed to ZnO NP (4-5 nm) with three different 
concentrations (0.1, 10, and 100 µg/mL) for the indicated points in time. DNA DSB were quantified by 
γH2A.X-foci analysis. Dead = no cells remaining. * = p<0.05, ** = p<0.01; N=3. 
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4.4.1.2 Treatment of cell lines with ZnO NP (15-18 nm) 

ZnO NP (15-18 nm) treatment of HNSCCUM-02T cells with the highest concentration 

resulted in a strong generation of DNA DSB (+ 2924 %) after 1 min (Figure 34). In 

contrast, A549 and NIH/3T3 cells showed no or weak increase of DNA DSB. ZnO NP 

(15-18 nm) exposure to A549 cells with the highest concentration resulted in strongly 

increased DNA damages (+ 455 %) after 15 min (Figure 34D). The utilized treatments of 

HNSCCUM-02T cells resulted in the generation of DNA DSB applied to 0.1 and 

10 µg/mL. DNA DSB in NIH/3T3 were observed in a dose-dependent increase after 

15 min of ZnO NP exposure (Figure 34E und F). Treatment of NIH/3T3 resulted in no 

further DNA damages after particle exposure for 1 h, 4 h, and 24 h (Figure 34I, L, O). 

The exposure to the highest applied concentration resulted in increased DNA DSB in 

HNSCCUM-02T cells after 1 h and 4 h (Figure 34H und K). Treatments of A549 and 

NIH/3T3 cells led to no DNA damages after 1 h and 4 h of ZnO NP exposure (Figure 

34G, I, J, and L). 24 h of particle exposure resulted in a dose-dependent increase of 

DNA DSB in A549 and HNSCCUM-02T cells as well as a weak increase in NIH/3T3 cells 

(Figure 34M, N, and O). After 24 h, no remaining cells were observed after treatment 

with highest concentration. 
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Figure 34:  Concentration-dependent analysis of ZnO NP (15-18 nm) treated cells 

A549, HNSCCUM-02T, and NIH/3T3 cells were exposed to ZnO NP (15-18 nm) with three different 
concentrations (0.1, 10, and 100 µg/mL) for the indicated points in time. DNA DSB were quantified by 
γH2A.X foci analysis. Dead = no cells remaining. * = p<0.05; N=3. 
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4.4.1.3 Analysis of ZnCl2 genotoxicity in A549 cells 

The genotoxicity of ZnCl2 at comparable concentrations as used for ZnO NP treatments 

was analyzed in A549 cells. The treatment with ZnCl2 showed early and strong increased 

DNA DSB after 1 min compared to 15 min observed for ZnO NP (15-18 nm). As seen 

after exposure to nanoparticles, foci counts per cell decreased in the following period in 

time. According to the observations made with the nanoparticles, the highest 

concentration of applied ZnCl2 resulted in no detectable cells after 24 h, most likely 

because of cell death. 

 

Figure 35:  Analysis of DNA DSB after ZnCl2 treatment of A549 cells 

A549 cells were exposed to ZnCl2 for the indicated points in time and concentrations. DNA DSB were 
quantified by γH2A.X foci analysis. DNA damages were strongly increased after 1 min of ZnCl2 exposure. 
Treatment to the highest concentration resulted in no remaining cells after 24 h. * = p<0.05; N=3. 
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4.4.2 Time-dependent genotoxicity of ZnO NP, ZnO bulk and ZnCl2  

In order to investigate the time-dependent DNA damages after ZnO NP, ZnO bulk, and 

ZnCl2 treatment, A549 cells were treated with the highest concentration of 100 µg/mL. 

Concerning the fast damaging effect of ZnO NP and ZnCl2 as shown in 4.4.1.2 and 

4.4.1.3 the measurement was made at several points in time until 4 h. The generation of 

DNA DSB was evaluated using γH2A.X immunofluorescence assay (see 3.2.7.6). Three 

different pretreatments with ZnO NP + DTPA (see 3.2.4.2), ZnO NP + NAC (see 3.2.4.3), 

and ZnO NP + BSA (see 3.2.4.4) were investigated. NP are supposed to have higher 

reactivity and therefore enhanced toxicity, because of their increased surface area to 

volume ratio. In addition to ZnO NP we used ZnO bulk material with reduced surface 

area to volume ratio to compare their genotoxic effects. ZnCl2 was used as positive 

control for Zn2+. 

 

4.4.2.1 Treatment of A549 cells with ZnO NP (4-5 nm) 

The treatment with ZnO NP (4-5 nm) resulted in fast generated DNA DSB (up to 336 %) 

after 15 min indicated by γH2A.X immunofluorescence staining (Figure 36A). This fast 

increase of DNA damages is followed by a quick dephosphorylation of H2A.X to basal 

levels. To differentiate between the generation of DNA DSB caused by ROS or 

dissociated ZnO NP, the cells were pretreated with NAC or DTPA. ROS scavenging by 

NAC prior to the treatment with ZnO NP showed reduced DNA DSB after 15 min, but still 

a slight increase of γH2A.X up to 150 % after 30 min (Figure 36B). The complexation of 

Zn2+ by DTPA resulted in a similar result as shown for ROS scavenging with ~ + 150 % 

after 30 min of treatment (Figure 36C).  
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Figure 36:  Quantification of DNA DSB after ZnO NP (4-5 nm) treatment 

(A) Single treatment with ZnO NP (4-5 nm) resulted in increased DNA DSB up to 336 % after 15 min. This 
fast H2A.X phosphorylation is followed by recovery to basal levels until 4 h. (B) The particle treatment after 
ROS scavenging with NAC showed a slight increase of γH2A.X up to 150 % after 30 min followed by 
dephosphorylation to basal levels. (C) The complexation of Zn2+ by DTPA resulted in H2A.X phosphorylation 
up to 170 % after 30 min. (D) Representative images of foci suitable to graph A-C are shown. N=3. 

 

4.4.2.2 Treatment of A549 cells with ZnO NP (15-18 nm) 

Immunostaining of γH2A.X foci indicated a fast increase of DNA DSB after 15 min of 

ZnO NP (15-18 nm) treatment to 455 % of control (Figure 37A). This fast increase was 

followed by a fast desphosphorylation to basal levels prior to a second increase of foci 

counts after 1 h, keeping this level until the end of measurement. In Figure 37B the 

ROS-dependent generation of DNA DSB after ZnO NP (15-18 nm) + NAC treatment is 

shown. NAC was able to reduce γH2A.X strongly, but DNA DSB remained high after 

15 min (+ 61 %). The extracellular chelation with DTPA prior to ZnO NP treatment 

impaired DNA DSB completely (Figure 37C). Figure 37D shows representative γH2A.X 

foci images. 
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Figure 37:  Quantification of DNA DSB after ZnO NP (15-18 nm) treatment 

(A) The treatment with ZnO NP (15-18 nm) resulted in increased DNA DSB up to 455 % after 15 min. This 
fast increase after ZnO NP (15-18 nm) treatment is followed by fast dephosphorylation prior to a second, 
weaker, increase of foci numbers after 1 h until 4 h. (B) ROS scavenging by NAC was able to reduce the 
generation of foci after ZnO NP (15-18 nm) treatment, but the level of DNA DSB remain increased after 
15 min (+ 61 %). (C) The extracellular complexation of Zn2+ by DTPA resulted in a complete inhibition of 
DNA DSB generation. (D) Representative images of γH2A.X foci suitable for graphic A-C. * = p<0.05; N=3. 

 

4.4.2.3 Treatment of A549 cells with BSA stabilized ZnO NP 

Bovine serum albumin (BSA) is able to stabilize ZnO NP (e.g., to reduce particle 

dissociation). The stabilization of ZnO NP (4-5 nm) using BSA resulted in DNA DSB up 

to ~ + 180 % (Figure 38A). DNA damages kept unchanged until 1 h and then were 

dephosphorylated to basal levels after 4 h (Figure 38A). BSA coated ZnO NP (15-18 nm) 

induced a weak phosphorylation of H2A.X up to 134 % after 30 min (Figure 38B). 
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Figure 38:  Quantification of DNA damages after exposure to BSA coated ZnO NP 

(A) The exposure to BSA coated ZnO NP (4-5 nm) resulted in a fast phosphorylation of H2A.X up to 180 % 
after 1 min keeping this level for 1 h. (B) The treatment with BSA stabilized ZnO NP (15-18 nm) induced the 
phosphorylation of H2A.X up to 134 % after 30 min followed by dephosphorylation of H2A.X, indicating 
reduced DNA DSB. N=3. 

 

4.4.2.4 Treatment of A549 cells with ZnCl2 and ZnO bulk material 

In Figure 39 the generation of DNA DSB after ZnCl2 treatment is shown. ZnCl2 induced a 

two phase generation of DNA DSB. The phosphorylation of H2A.X was observed quickly 

and strongly with an up-regulation to + 412 % after 1 min followed by recovery to basal 

levels. The second peak of foci formation was observed after 4 h with + 556 % (Figure 

39). In order to investigate the genotoxic response of A549 cells to ZnO bulk material in 

contrast to nanoparticulated material, cells were treated with ZnO bulk in the highest 

concentration (100 µg/mL) and for the same points in time as mentioned for ZnO NP. 

Treatment to ZnO bulk showed a DNA damaging potential. Figure 40 shows a strong 

phosphorylation of H2A.X generated by ZnO bulk after 30 min of exposure. ZnO bulk 

phosphorylated H2A.X up to 334 % after 30 min followed by a continued 

dephosphorylation of γH2A.X until 4 h (Figure 40). 
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Figure 39:  Quantification of DNA DSB after exposure to ZnCl2 

(A) The exposure to ZnCl2 led to a similar biphasic generation of DNA damages in A549 cells as shown for 
ZnO NP (15-18 nm). The phosphorylation of γH2A.X showed two maxima after 1 min (+ 412 %) and 4 h 
(+ 556 %). (B) Corresponding representative γH2A.X images of A549 cells after treatment with ZnCl2. N=3. 

 

 

Figure 40:  Quantification of DNA DSB after treatment with ZnO bulk material 

(A) The exposure to ZnO bulk material showed a strong phosphorylation of H2A.X after 30 min. The 
ZnO bulk material activated H2A.X up to 334 % followed by a continued dephosphorylation of yH2A.X. 
(B) γH2A.X images of treated A549 cells with ZnO bulk material. N=3. 
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4.5 DNA damage response signaling 

The cellular response to DNA damages is mainly mediated by the ATM or ATR kinases. 

ATM is mainly phosphorylated in the presence of DNA DSB, whereas ATR is activated in 

response to DNA SSB. These sensor proteins recognize the DNA damage and transfer 

the signal to effector proteins such as Chk1, Chk2, p53, and p21 promoting the 

DNA DDR. To investigate the impact of ZnO NP and ZnCl2 on the activation of DDR, 

phosphorylated ATM was analyzed by ELISA (see 3.2.8.4). The proteins pChk2, p53, 

p21, ATR, and pChk1 were investigated by Western blotting (see 3.2.8.3.3). All 

presented data based on ZnO NP (15-18 nm) and ZnCl2 treatments in a final 

concentration of 100 µg/mL. In the following section, ZnO NP (15-18 nm) are just named 

ZnO NP. 

 

4.5.1 Analysis of ATR/Chk1 pathway 

ATR is related to DNA single strand breaks (DNA SSB) as frequently observed after 

ROS induced DNA damages. Neither ATR nor Chk1 activation was observed after 

treatment with ZnO NP. In Figure 41A the level of ATR phosphorylation is shown. No 

activation of ATR after ZnO NP exposure was observed. Figure 41C shows a 

representative Western blot corresponding to Figure 41A. In fact, it was observed that 

the downstream kinase of ATR, pChk1 was dephosphorylated after ZnO NP treatment 

starting after 30 min and lasting until the end of measurement (see Figure 41 B/D).  
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Figure 41:  Western blot analysis of ATR/Chk1 pathway after ZnO NP treatment 

(A) No phosphorylation of ATR was observed after ZnO NP treatment. (B) Reduced activation of Chk1 was 
observed after 30 min of ZnO NP exposure. (C) Representative Western blot of phosphorylated ATR 
referred to total ATR. (D) Representative Western blot of pChk1 referred to ß-actin. N=3. 

 

4.5.2 Analysis of ATM/Chk2 signaling 

ZnO NP and ZnCl2 treatment resulted in H2A.X phosphorylation representing DNA DSB 

(see 4.4.2.2 and 4.4.2.4). DNA DSB resulted in activation of DDR, especially in activation 

of ATM/Chk2 pathway. The ATM phosphorylation status was investigated after ZnO NP 

and ZnCl2 treatment. The results of pATM quantification in A549 cells is shown in Figure 

42A and B. Accordingly, ATM as the major kinase, activated after induction of DNA DSB, 

was activated up to ~ 200 % after 30 min. This level was kept until the end of 

measurement (Figure 42A). ZnCl2 treatment activated ATM similar to ZnO NP but faster, 

reaching the level of 200 % already after 15 min (Figure 42B). 
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Figure 42:  ELISA measurements of pATM after ZnO NP and ZnCl2 treatment 

A549 cells were exposed to 100 µg/mL of ZnO NP or ZnCl2, respectively. (A) ZnO NP activated the ATM 
damage response pathway up to ~ 200 % after 30 min of exposure keeping this level until the end of 
measurement. (B) ZnCl2 stimulated the phosphorylation of ATM more fastly after 15 min of exposure. ATM 
phosphorylation returned to basal level after 1 h. N=3. 

 

4.5.2.1 Analysis of ATM downstream signaling 

ZnO NP and ZnCl2 induced DNA DSB as well as ATM activation, thus downstream 

signaling of ATM was evaluated. The activation of the effector proteins Chk2, p53, p21 

after ZnO NP and ZnCl2 treatment was observed. Chk2, p53, and p21 got activated 

during exposure to ZnO NP and ZnCl2, respectively. In Figure 43A the phosphorylation of 

Chk2 is shown after ZnO NP treatment. Chk2 was increasingly activated starting 15 min 

after exposure until the end of measurement. The maximum pChk2 level during 

measurement was achieved with up to 174 % after 4 h (Figure 43A). Compatible with 

these data p53 was activated by ZnO NP only moderately and lately increased after 4 h 

to ~ 150 % (Figure 43B). In Figure 43E the slight activation of p21 after ZnO NP 

treatment is shown (+ 30 %). ZnCl2 activated p21 up to 161 % after 4 h of exposure 

(Figure 43F). The exposure to ZnCl2 led to a two phase phosphorylation of Chk2. In 

Figure 43B a slight activation of Chk2 after 15 min (+ 13 %) and a stronger 

phosphorylation after 4 h (+ 50 %) is shown. An equal level of pChk2 in ZnO NP and 

ZnCl2 treated A549 cells was observed after 4 h (Figure 43A and B). P53 activation was 

also found after ZnCl2 treatment. The activation of p53 up to 116 % was found after 4 h 

of ZnCl2 treatment (Figure 43D). Figure 43G and H show the representative Western 

blots after ZnO NP and ZnCl2 treatment. 
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Figure 43:  Western blot analysis of ATM downstream signaling after ZnO NP and ZnCl2 exposure 

Graph A, C, and E represent the results of ZnO NP treatment whereas B, D, and F represent the findings of 
ZnCl2 treatment. (A) Chk2 phosphorylation increased continuously after 15 min until the end of exposure 
(4 h). (B) Slight phosphorylation of Chk2 after 15 min and stronger phosphorylation after 4 h of ZnCl2 
exposure. (C) Strong stabilization of p53, 4 h after ZnO NP exposure. (D) Stabilization of p53, 4 h after 
exposure to ZnCl2. (E) Slight activation of p21 after ZnO NP treatment. (F) Stong activation of p21 by ZnCl2 
after 4 h. (G) and (H) showed the representative Western blots to graphic A-F. N=3. 
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4.5.2.2 Analysis of ATM downstream signaling after ROS scavenging and Zn2+ 
complexation 

ATM/Chk2 signaling is activated by ZnO NP. To further evaluate the underlying 

mechanisms of Chk2/p53/p21 activation after ZnO NP exposure, we pretreated the cells 

with NAC and DTPA. Western blot analyses of pChk2, p53, and p21 were investigated 

after ROS scavenging and extracellular complexation of Zn2+. In Figure 44A and B the 

activation of Chk2 is shown after ROS scavenging and ZnO NP treatment. In absence of 

ROS we observed persisting increased pChk2 up to ~ + 125 % and this level was kept 

until the end of measurement. Figure 44C shows a continuous up-regulation of p53 

despite ROS scavenging. The p53-level was comparable to the single treatment of 

ZnO NP without any substitutes (cf. Figure 43C). Figure 44E shows the up-regulation of 

p21 after ZnO NP + NAC treatment. P21 reached a level of + 150 % after 4 h of 

treatment (Figure 44E).  
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Figure 44:  Western blot analysis of ATM/Chk2 pathway after ZnO NP + NAC treatment 

(A) ROS scavenging by NAC led to fast but weak activation of Chk2. The level of approx. + 125 % of pChk2 
after 1 min is remained unchanged over the period in time. (C) NAC and ZnO NP treatments led to 
continuous p53 activation with maximum of ~ + 200 % after 4 h. (E) P21 was up-regulated after treatment 
with ZnO NP + NAC reaching + 150 % after 4 h. (B), (D), and (F) show representative Western blots of 
graphic A, C, and E. N=3. 

 

The extracellular chelator DTPA was used to complex dissociated ZnO NP. Neither Chk2 

nor p53 were phosphorylated, i.e., not activated (Figure 45). The complexation of Zn2+ 

led to a dephosphorylation of pChk2 after 15 min of ZnO NP exposure (Figure 45A and 

B). In Figure 45C the stabilization of p53 after 30 min of DTPA + ZnO NP treatment is 

shown. DTPA treatment resulted in slightly reduced p21 levels with recovery after 1 h 

(Figure 45E). All these data taken together suggest that the ATM/Chk2 activation after 
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ZnO NP treatment relies on dissociated Zn2+ without ROS as an intermediate damaging 

the DNA. 

 

Figure 45:  Western blot analysis of ATM/Chk2 pathway after ZnO NP + DTPA treatment  

(A) The Chk2 kinase is deactivated after extracellular chelation of free Zn2+ after ZnO NP treatment. (C) P53 
is slightly stabilized after 30 min. (E) P21 levels remained unchanged or were reduced in tendency until 
30 min. (B), (D), and (F) show representative Western blots of graphic A, C, E. * = p<0.05, ** = p<0.01; N=3. 
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4.5.3 Apoptosis/necrosis after ZnO NP exposure 

DNA damages and DDR activation may result in apoptosis as part of a cellular suicide 

mechanism. This event is accompanied by typical cellular changes that can be 

measured by flow cytometry. Cells were exposed to ZnO NP in a final concentration of 

100 µg/mL and then stained with annexin V (AV) and propidium iodide (PI) (see 3.2.6.1). 

The cellular state was determined as live cell (PI -, AV -), early apoptosis (PI -, AV +), 

apoptosis (AV +, PI +) and necrosis (AV -, PI +) staining. After ZnO NP treatment of 

A549 cells, early apoptosis was induced (detected as PI-negative/AV-positive cells). 

Figure 46 shows the predominant cellular state after ZnO NP treatment as early 

apoptosis followed by apoptosis. ZnO NP led to early apoptosis + 150 % after 6 h in 

comparison to the untreated control (Figure 46, green). The apoptosis induced by 

ZnO NP is shown in Figure 46 (blue) with an up-regulation of 150 %. The necrosis (red) 

and cellular viability (yellow) decreased during the analyzed time (Figure 46).  

 
Figure 46:  Flow cytometry analysis of apoptosis/necrosis after ZnO NP treatment 

Cellular state of live, early apoptosis, apoptosis and necrosis were determined by AV/PI staining. ZnO NP 
exposure led to increased early apoptosis and slightly increases of apoptosis, while necrosis and viable cells 
are reduced in a time-dependent manner. N=3. 
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4.5.4 Activation of MAPK and PI3K pathways by ZnO NP 

Nanoparticle toxicity is often associated with an activation of stress induced signaling. 

Here, two major pathways the MAPK/Erk and PI3K/Akt were investigated to get an 

overview of environmental stimuli triggered by ZnO NP or ZnCl2. These activated 

signaling pathways lead to diverse cellular responses (e.g., proliferation, cell growth and 

apoptosis). In this study Erk1/2 and Akt were analyzed after ZnO NP and ZnCl2 

treatment. A549 cells were treated with 100 µg/mL ZnO NP or ZnCl2 for 1 h and Western 

blot analyses were performed. EGF treatment was used as positive control for MAPK 

and PI3K pathway activation. The treatment with ZnO NP for 1 h caused an activation of 

both signaling pathways in terms of strong phosphorylation of Akt as well as Erk (Figure 

47A, C and E). In Figure 47A the activation of Akt after ZnO NP treatment is 

demonstrated. It could be observed that the stimulation with EGF led to an activation of 

Akt up to 288 %. This activation of Akt was much higher after single treatment with 

ZnO NP resulting in an increase of phosphorylation up to + 1072 %. The combination of 

EGF stimulation and ZnO NP exposure did not cause an additive activation compared to 

the single exposure to ZnO NP (Figure 47A). In Figure 47B the activation of Akt is shown 

after ZnCl2 treatment as positive control for dissociated ZnO NP. Akt was activated 

strongly and demonstrated a level of phosphorylation up to 3678 % compared to the 

untreated control. The combination with EGF led to an additional phosphorylation of 

+ 722 %. The exposure to ZnO NP resulted in a phosphorylation of Erk up to 633 %. The 

combined treatment of ZnO NP with EGF caused a further phosphorylation to 786 % of 

Erk activation (Figure 47C). In Figure 47D the activation of Erk after ZnCl2 treatment is 

demonstrated and shows a two times higher activation of Erk than observed after single 

treatment with ZnO NP. The high activation of Akt and Erk suggested that Zn2+ after 

dissociation of ZnO NP is the mediator in this cellular stress response. Figure 47E and F 

show exemplary Western blots adequate to Figure 47A, B, C and D.  
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Figure 47:  Activation of the MAPK/Erk- and PI3K/Akt-pathway after exposure to ZnO NP and ZnCl2 

The treatments with ZnO NP (15-18 nm) as well as with ZnCl2 activate the MAPK/Erk- and PI3K/Akt-
pathway. (A) and (C) The exposure to ZnO NP (15-18 nm) leads to a 6 times higher phosphorylation of Erk 
and a 10 times stronger phosphorylation of Akt compared to the controls. (B) and (D) This effect is multiply 
higher by the treatment with ZnCl2. (E) and (F) Exemplary Western blots. (A, B) = pAkt, (C, D) = pErk. 
* = p<0.05, ** = p<0.01, *** = p<0.001; N=3. 
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4.6 Analysis of ZnO NP genotoxicity in primary cells of 
mucosa 

In contrast to cell lines, primary cells are isolated from fresh tissue and used within the 

first passages. The cellular responses to ZnO NP exposure are assumed to be more 

similar to the in vivo situation than the results obtained from cell line experiments. To 

provide evidence of epithelial cells two different markers were used for primary cells of 

mucosa. Cytokeratin 13 was used as positive control for epithelial origin and FGFR4 as 

positive control for fibroblasts. Stainings confirm the epithelial origin of used primary cells 

(Figure 48). 

 

Figure 48:  Confirmation of epithelial origin of primary cells of mucosa 

The immunohistochemical analysis of primary cells of mucosa showed a cytokeratin 13 positive result 
indicated as an intensive brown staining. FGFR4 staining was negative, represent as a slight or no brown 
staining (cf. negative control). This result confirms that the primary cells were of epithelial origin. 
Magnification: 400x. 

 

The primary cells were obtained and used from four different patients. The γH2A.X foci 

assays were realized comparable to the A549 cell line experiments in 3.2.4.1 and 

3.2.7.6. Furthermore, the DNA damage response, downstream of ATM, was assessed 

after ZnO NP, ZnO NP + DTPA and ZnO NP + NAC treatment. The expression of the 

proteins Chk2, p53, and p21 was analyzed by Western bloting (see 3.2.8.3.3).  
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4.6.1 Analysis of DNA DSB after ZnO NP exposure 

The influence of ZnO NP on primary cells of mucosal tissue (PMT) was evaluated by 

γH2A.X immunofluorescence staining. Samples (PMT1-4) were treated as mentioned 

before (see 3.2.4.1 and 3.2.4). Treatment with ZnO NP resulted in PMT1 in fast and 

continuous increase of DNA DSB up to 944 % after 15 min of exposure (Figure 49A) 

followed by dephosphorylation of H2A.X to basal levels of untreated control. PMT1 

reacted closely to the outcomes of A549 experiments (cf. Figure 37A). In Figure 49B the 

DNA damages in PMT2 after ZnO NP treatment is shown and demonstrated a fast 

increase of DNA DSB up to 580 % after 1 min of exposure. The strong phosphorylation 

was reduced to 153 % after 15 min and down to basal level after 30 min. Treatment of 

PMT2 showed a renewed phosphorylation after 1 h followed by dephosphorylation to 

basal level of untreated control (Figure 49B). Exposure of PMT3 with ZnO NP showed a 

slight but continuous increase of DNA DSB resulting in + 324 % after 4 h (Figure 49C). 

The result of PMT4 showed as well a fast increase of DNA DSB after ZnO NP treatment. 

H2A.X phosphorylation was up to + 602 % after 1 min keeping this level until 15 min of 

ZnO NP exposure. Afterwards the DNA damages were reduced to ~ 280 % until the end 

of measurement (Figure 49D). 
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Figure 49:  Quantification of DNA DSB in primary mucosal cells after ZnO NP treatment 

(A) PMT1 showed a fast and continuous up-regulation to 944 % of γH2A.X after 15 min of exposure followed 
by dephosphorylation to basal level. (B) PMT2 demonstrated a fast increase of DNA DSB after 1 min of 
exposure ensued by reduction to 153 % after 15 min and a further activation of H2A.X after 1 h. 
(C) Treatment of PMT3 resulted in a slight but continuous increase of DNA damages of + 324 % after 4 h. 
(D) In PMT4, H2A.X is phosphorylated up to + 602 % after 1 min keeping this level until 15 min, then the 
DNA DSB are down-regulated to 278 %. N=4. PMT = primary cells of mucosal tissue, 1-4 represent patient, 
repsectively. 
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4.6.2 Analysis of ATM downstream signaling in primary cells of mucosa 

The analysis of ATM downstream signaling in A549 cells showed a strong activation of 

pChk2, p53, and p21 after 4 h of ZnO NP exposure (cf. Figure 43). The mucosal cells 

were treated with ZnO NP and ATM downstream signaling was analyzed using Western 

blotting. The signaling activation in primary cells of mucosa was analyzed in dependence 

of Zn2+ and ROS. After 4 h of ZnO NP exposure pChk2 was strongly activated and 

showed a phosphorylation-level up to 1200 % compared to the untreated control. This 

Chk2 activation was six times higher than the activation of pChk2 in A549 cells after 4 h. 

Zn2+ complexation resulted in a slight activation of pChk2 up to 200 % after 4 h. All 

treatments showed an increase of p53 of approx. ~ + 200 % compared to each control 

(Figure 50B). The treatment with ZnO NP resulted in an up-regulation of p21 after 4 h. In 

case of pretreatment with NAC or DTPA no activation of p21 was found (Figure 50C). 

Figure 50D shows the representative Western blots corresponding to Figure 50A, B and 

C. Cell lysates were corresponding to the patients of Figure 49 without PMT 3, because 

of weak cell amounts that were available for both experiments. 

 

Figure 50:  Analysis of ATM downstream signaling in primary cells of mucosa  

(A) Chk2 was activated strongly after ZnO NP, slightly after ZnO NP + DTPA but not after ZnO NP + NAC 
treatment. (B) P53 after ZnO NP, ZnO NP + NAC, and ZnO NP + DTPA exposure resulted in an 
up-regulation to + 180 %. (C) The treatment with ZnO NP resulted in an up-regulation of p21 after 4 h. In 
case of pretreatment with NAC or DTPA no activation of p21 was observed. N=3. 
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5 Discussion 

5.1 Toxicity of ZnO 

The enormous increase of industrial applied ZnO NP, and the use of daily products 

containing ZnO NP, is attended with boosted environmental release and may result in 

health hazards. Therefore, the investigations on possible risk assessment of synthesized 

ZnO NP are inevitable. The primary contact organ for inhaled aerosols is the respiratory 

epithelia. For this reason the effect of ZnO NP on the respiratory epithelia, especially 

their possible toxicity, has to be analyzed.  

 

5.1.1 ZnO NP impair the cellular viability of A549 cells 

Both sizes of ZnO NP lead to a concentration-dependent toxicity (see Figure 28). The 

treatment of A549 cells with the highest concentration (100 µg/mL) results in a 

continuous decrease of cellular viability. The exposure to lower concentrations 

(0.1 µg/mL and 10 µg/mL) leads in case of ZnO NP (15-18 nm) to an increased viability 

respectively to no changes after treatment with ZnO NP (4-5 nm). The proved 

impairment of cellular viability of alveolar epithelial cells after ZnO NP exposure 

conforms to different studies in many types of cells228–233. The ZnO NP (15-18 nm) 

showed an improved toxicity in comparison to the ZnO NP (4-5 nm). These outcomes 

were surprising, because different working groups described that smaller particles are 

more reactive and further toxic, because of their larger surface to volume ratio, 

compared to larger particles23. Adamson et al. (2000) determined ZnO NP as a 

component of atmospheric dust and to be a toxic factor, which is responsible for 

pulmonary reactivity after instillation to mouse lung234. Furthermore, the toxicity of 

ZnO NP was observed in bronchial cells of rats as well as human alveolar epithelial 

cells117,235,236. This observed toxicity of ZnO NP could be caused by different damaging 

mechanisms. George et al. (2009) showed a reduced mitochondrial membrane potential 

as well as a loss of membrane integrity after treatment with ZnO NP in murine 

macrophages and BEAS-2B cells237. These outcomes confirm our results of reduced 

ΔΨm after treatment with ZnO NP (15-18 nm). Some authors showed that ZnO NP 

damage cell membranes and lead to lowered mitochondrial activity in A549 cells238,239. In 

addition, the increased production of inflammatory mediators such as IL-8, the 

generation of intracellular ROS, and the induction of apoptotic pathways are already 

described as toxic mechanisms of ZnO NP226,239,240,241. Hsiao et al. (2011) also 

demonstrated decreased viability after treatment with smaller particles, while larger 

particles were less toxic239. Different parameters like size, surface charge and 
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agglomeration behavior of particles have an influence on dissociation and cellular 

uptake. The used particles have different ζ-potentials (see 4.1.1), which may explain the 

stronger toxicity of the larger particles. Fröhlich (2012) reviewed that positively charged 

particles cause more disruptions of plasma membrane integrity and mitochondrial 

damages than negatively charged particles242. Alternatively, a connection between the 

ζ-potential and agglomeration behavior was observed by Cho et al. (2012). They further 

described that the surface charge influences the inflammatory potential in rats243. 

Furthermore, Bian et al. (2011) observed that smaller particles often dissociate faster 

than larger particles244. In contrast, we found a faster dissociation and cellular uptake of 

the larger particles. Zn2+ dissociated from ZnO NP are often hypothesized as the main 

toxic mechanism245,246. Therefore, we observed that the prevention of ZnO NP 

dissociation, using BSA coating, results in a complete inhibition of toxicity after exposure 

to ZnO NP (see Figure 29). This inhibition of toxicity by particle stabilization could also 

be observed in in vivo studies of rodent lung and zebrafish embryos exposed to iron 

doped ZnO NP186. Dissociated particles in the supernatants of cell culture medium 

indicated a similar damaging potential as shown for ZnO NP in previous results of our 

working group247,248. Analysis of alveolar epithelial cells cultivated in the air-liquid 

interface suppose the direct interaction of cellular structures with particles or by a local 

release of Zn2+ at the contact side of particles with the cells as underlying toxic 

mechanism223,236,237,249. Furthermore, it is a matter of debate if Zn2+, dissociated from 

particles, cause different cellular reactions than ZnO NP after local enrichment and both 

possibly act in synergistic way223,236,237,249. 

 

5.1.2 Toxicity through intracellular generation of ROS induced by ZnO NP 

Another popular concept of nanoparticle toxicity is the intracellular release of ROS250. 

Under normal physiological conditions, the detoxification system and generation of ROS 

should be balanced in organisms. Based on the intracellular ROS-level, ROS serves as 

signaling molecule or could cause oxidative damages. The treatment of alveolar 

epithelial cells with ZnO NP (4-5 nm) results in slightly increased intracellular 

ROS-levels. Low ROS-levels are known to serve as signaling molecules and act as 

important physiological regulators of intracellular signaling pathways251. The exposure to 

ZnO NP (15-18 nm) leads to reinforced generation of ROS (see Figure 31). Remarkably, 

the results in Figure 28 demonstrate increased counts of viable cells at low 

concentrations of ZnO NP (15-18 nm). This unexpected result might be explained by the 

observed slightly increase of ROS after ZnO NP (15-18 nm) treatment. The current study 

has also investigated MAPK/Erk- and PI3K/Akt signaling and we found activation, in the 
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case of ZnO NP as well as ZnCl2 treatment. Zinc is a regulator of cell proliferation and 

Huang et al. (2000) postulated that Zn2+ and Ca2+ have synergistically effects on DNA 

synthesis and mitogenic signaling in fibroblasts252. It is already described in literature, 

that generation of ROS is enhanced by intracellular Zn2+ and has the potential to 

stimulate growth promoting pathways253,254,255
. These suggestions correspond with the 

results in Figure 47 demonstrating the strong activation of Erk and Akt after nanoparticle 

treatment. Furthermore, the treatment with ZnCl2 leads to stronger ROS-levels as well as 

an intensified Erk and Akt activation in contrast to ZnO NP (15-18 nm). Seo et al. (2001) 

demonstrated that the intracellular accumulation of Zn2+ resulted in the generation of 

ROS activating the MAPK/Erk pathway that further contributes to Zn2+ induced cell 

death255. These results are in line with the outcomes of the ZnO NP (15-18 nm) induced 

analysis of apoptosis (see Figure 46). Zn2+ is an essential cofactor for the activity of 

proteins involving in the reduction of oxidative stress (e.g., SOD and MT)256. The stress-

related protein MT has antioxidant properties and protects cells against over production 

of ROS257. MT are cysteine-rich proteins with a low molecular weight. The protein has a 

high and specific affinity, mediated by their thiol groups of its cysteine residues, to bind 

biologic essential metals such as Zn256,257,258. Increasing ROS-levels after ZnO NP 

treatment, as shown after 30 min of exposure, may lead to oxidation of the zinc binding 

thiol groups of MT, which further reduces the puffer capacity enhancing the damaging 

potential of additional Zn2+ 259. Additionally, in the present study, it could be observed that 

the complexation of Zn2+ by DTPA resulted in a complete inhibition of ROS. The release 

of Zn2+ is triggered by ROS and therefore oxidative distress seems to be a common 

constituent of different toxic signaling pathways in neurons260. This intracellular Zn2+ 

accumulation promotes the activation of harmful signaling processes such as the 

production of superoxide from 12-LOX that leads to further ROS production, initiating a 

positive feedback loop246,260,261. 

 

5.1.3 Toxicity through ZnO NP dissociation into Zn2+ 

In this study we observed a fast cellular intake of Zn2+ as well as a reduced viability. The 

pretreatment with DTPA resulted in initially reduced viability but recovered and is later 

completely abolished, proposing Zn2+ as main mediator of ZnO NP toxicity. The 

dissociation of Zn2+ from ZnO NP is discussed as possible mechanism of toxicity249,262. 

Furthermore, we observed no reduction of viability after BSA stabilization, suggesting 

again Zn2+ as mediator of toxicity. Xia et al. (2011) also observed a reduced toxicity after 

doping ZnO NP with iron similar to the effects after the use of chelators186. Previous 

results of our working group showed that Zn2+ ions released from ZnO NP in the 
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supernatant of the cell culture medium have similar toxic potential comparable to the 

exposition with ZnO NP233,247,262. Air-liquid-interface models show no complete 

dissociation of ZnO NP and therefore the authors discussed their observed toxicity as 

effect of direct particle interactions with cellular structures and a high local release of 

Zn2+ at the particle-cell interaction side236. They suggested a different toxic mechanism 

based on ZnO NP and dissociated ions and discussed a possible synergistic cellular 

damage116,117,236,249. We showed a fast decrease of cellular viability of ZnO NP exposed 

cells, while previous data of our working group represented a reduced cellular viability of 

ZnCl2 treated cells just after 48 h compared to single particle treatment247. The treatment 

with ZnCl2 resulted in an earlier generation of DNA DSB in comparison to the treatment 

with ZnO NP, suggesting possibly two different damaging mechanisms of mediated by 

released ions dissociated from particles in contrast to treatment with ZnCl2. The zinc 

homeostasis is highly controlled by different zinc transporters and divalent cation 

transporters (DMT1) which regulate the zinc influx and efflux, leading possibly to 

retarded nanotoxicity. These results are confirmed by Zhang et al. (2012) in comparative 

experiments investigating the effects of intra- and extracellular Zn2+ on toxicity by 

exposing cells with ZnO NP and ZnCl2233. Another possibility how Zn2+ may lead to 

cellular damages is by blocking the four complexes of mitochondrial respiration with 

different affinity as observed by other authors70,79,80,129. Fukui et al. (2012) described a 

significant correlation between high intracellular Zn2+ levels and the generation of 

ROS240. We observed a fast intake of Zn2+, increased ROS-levels, continuously 

decreased ΔΨm, and induction of early apoptosis. ROS may react in a damaging way to 

mitochondria and DNA leading to apoptosis. Furthermore, an increased intracellular Zn2+ 

level leads to a destabilization of mitochondria mediated by the release of Ca2+ 263. This 

could be confirmed by Kao et al. (2012) who observed a strong increase of cytosolic and 

mitochondrial Zn2+ levels after ZnO NP treatment. These high levels of mitochondrial 

Zn2+ resulted in the depolarization of ΔΨm and increased permeability which further 

leads to the activation of the intrinsic apoptosis pathway, confiming our outcomes72. 

These findings are a further proof of ZnO NP toxicity mediated by dissociated ions.  
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5.2 Solubility of ZnO NP 

We hypothesized that the ZnO NP are quickly dissociated outside the cell and are 

internalised as Zn2+ or, in case of endocytic uptake, dissociate in the acidic endosomal 

environment21. We analyzed the ZnO NP solubility in high purity H2O (pH 5.8) and cell 

culture medium (pH 7.4). Both sizes of ZnO NP showed a strong time-dependent 

dissociation in high purity H2O and cell culture medium. ZnO is often classified in 

material safety data sheets as insoluble in H2O, while others reported a highly 

pH-dependent solubility of ZnO188,189. The existent pH in the solutions and the availability 

of ions might influence the surface charge of the particles and further the grade of 

agglomeration188. Illés et al. (2006) postulated increased aggregation behavior of 

particles at any pH if electrolyte concentration is raising264. This possibly explains the 

reduced dissociation in cell culture medium in contrast to high purity H2O because of the 

electrolytical components needed for cell survival in the medium. We further suggest that 

our observed time-dependent ZnO solubility is linked to the Ostwald ripening 

phenomena. This phenomenon describes that unstable surface ions usually disolve 

diminishing the particles over the period in time, while the number of free ions in solution 

is increasing. If the solution is saturated with the free ions, those will redeposit on the 

surface of larger particles. This means, that smaller particles may dissociate, while larger 

particles grow and dissociate slowly in contrast to the smaller particles265–267. Borm et 

al. (2006) postulated that the rate of dissolution is proportional to particle surface area 

meaning that smaller particles, with an increased surface area, dissolve faster than 

larger particles for the same mass266. This possibly explains the faster dissolution of 

ZnO NP (4-5 nm) in comparison to ZnO NP (15-18 nm) observed in this study.  

 

5.3 ZnO NP uptake 

5.3.1 Size and charge dependent uptake of ZnO NP  

The TEM-data of this study showed only very minor amounts of ZnO NP inside the cell. 

ZnO NP of both sizes were only detectable after 1 h of treatment. ZnO NP (4-5 nm) are 

rarely located in the cytoplasm, while ZnO NP (15-18 nm) are additionally infrequently 

localized in the mitochondria, nuclear envelope, and nucleus (see Figure 14 and Figure 

15). Usually, the cellular uptake of nanoparticles takes place by endocytosis and is 

dependent on different factors such as size, form, and ζ-potential of the particles. The 

physico-chemical properties of the particle surface influence the interaction with cellular 

membranes. The negatively charged smaller particles are less detectable intracellularly 

in contrast to the positively charged larger particles using TEM measurement. Different 
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studies have shown that positively and negatively charged particles are taken up easier 

than neutral particles242. The unspecific interactions of negatively charged particles with 

membrane receptors have been demonstrated, leading to enhanced cellular particle 

uptake242. Nevertheless, it is no explanation of the less intracellular accumulation of both 

particle sizes in general. The infrequent detection of particles inside the cells using TEM 

and the observed fast dissociation in cell culture medium and high purity H2O suppose a 

fast dissociation of ZnO NP. Therefore, two probably consecutive mechanisms of 

ZnO NP intake are suggested: first, the fast internalization of extracellular dissociated 

ZnO NP and second the endocytic uptake of solid particles and their subsequent 

intracellular dissociation into Zn2+ at low pH. 

 

5.3.2 Intracellular accumulation of Zn2+ 

We measured the dissociation of ZnO NP by spectrofluorimetry and cLSM using 

FluoZinTM-3. Cellular treatment with ZnO NP (4-5 nm) resulted in a slight but 

continuously increased intracellular Zn2+ concentration, while the exposure to ZnO NP 

(15-18 nm) showed a fast and strong intracellular ion accumulation. To prove the 

concept of extracellular dissociation of ZnO NP, the cells were pretreated with the 

extracellular Zn2+ chelator DTPA prior to particle treatment. In both cases, pretreatment 

with DTPA resulted in no intracellular Zn2+ increase, confirming the assumed hypothesis 

of fast extracellular particle dissociation and uptake of Zn2+. An endosomal ZnO NP 

uptake was not detectable by TEM measurements. The dissociation of affiliated particles 

in the acidic environment of early endosomes was proven by cLSM measurements using 

FluoZinTM-3 detecting free Zn2+ in labeled endosomes (see 4.2.3.1, 4.2.3.2, 4.2.3.3). The 

treatments with ZnO NP of both sizes resulted in no endosomal uptake of ZnO NP and 

accumulation of Zn2+ in early endosomes. One might prompt that we found an 

endosomal independent mechanism of intracellular Zn2+ accumulation of dissociated 

ZnO NP. These findings disprove the popular hypothesis suggesting an endocytic 

ZnO NP uptake and dissociation in early endosomes at pH 5-6 as reported by Kao et 

al. (2012)72. Xia et al. (2008) showed an endosomal accumulation of FITC labeled and 

stabilized ZnO NP263. Hackenberg et al. (2011) also demonstrated the cellular uptake of 

ZnO NP coated with BSA71. However, these authors used stabilized ZnO NP; these 

particles are expected to dissociate slowly, enabling endocytic uptake of NP, which is 

different compared to our experiments, using unmodified ZnO NP. Accordingly to our 

data, Valdiglesias et al. (2013) observed in neuronal cells that none-stabilized ZnO NP 

are not incorporated268. Furthermore, it is important to emphasize that granular structures 

were observed before exposure to the cells. However, these structures were monitored 
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at basal levels and became intensified in any case of exposure, i.e., with ZnO NP as well 

as ZnCl2. Some studies reported that extracellular Zn2+ ions were absorbed by the cells 

and captured in specialized vesicles named zincosomes238,252,269,253. The nature of these 

vesicles is still unknown but they have been detected in several cell types269,270. These 

granular structures were discussed to have an endosomal origin271. Gojova et al. (2007) 

found ZnO NP within vesicles in the cytoplasm. We observed as well vesicular 

structures, which possibly are zincosomes, in the cytoplasm but they contained Zn2+ that 

is dissociated extracellularly from ZnO NP272. Further, Gojova et al. (2007) observed less 

vesicular embedding for ZnO NP in contrast to other metal oxide nanoparticles as well as 

impairments of the membrane through intercalated particles272. In summary, the co-

localization of Zn2+ in early endosomes after ZnO NP treatment was not detected. This 

data again support the hypothesis of cellular Zn2+ intake without the use of the 

endocytosis machinery. The cellular uptake of Zn2+, and the transport into and out of 

organelles, requires specific transport proteins spanning these membranes270. Two main 

families of eukaryotic zinc transporters, named ZIP and ZnT proteins, are known273,274. 

The ZIP proteins transport Zn2+ from the extracellular space or organelle lumen, into the 

cytoplasm270,275. The corresponding antagonists of the ZIPs are the ZnTs which are 

responsible for the Zn2+ transportation from the cytoplasm to organelles or outside the 

cell270,275. Gunshin et al. (1997) described a cationic transporter known as divalent cation 

transporter 1 (DCT1) which binds a variety of divalent metals such as Zn2+ 276. The 

intracellular Zn2+ level is distributed to cytoplasm (50 %), nucleus (20-30 %), and are 

membrane associated (10-20 %). However, 90 % of total intracellular Zn2+ amount is 

bound to proteins194. Our data showed a continous increase of intracellular free Zn2+ 

concentration with + 35 nM after 1 h of treatment with ZnO NP (15-18 nm). Several 

studies analyzing different cell types report a total intracellular Zn2+ concentration in a 

range of <0.1 nM to 0.5 mM depending on the used methods270,277–279. Low levels of Zn2+ 

are required for cellular Zn2+ homeostasis but in case of ZnO NP exposure a plus of 

35 nM after 4 h possibly is enough for cellular imbalance. In this case the normal Zn2+ 

level is raised and efflux mechanisms mediated by ZnTs are necessary to prevent the 

cell of over accumulation and subsequently toxic consequences224,280,281. The amount of 

released Zn2+ from ZnO NP is dependent on several factors e.g., pH, agglomeration 

behavior, cell culture medium as well as the experimental set-up245,282. This fast Zn2+ 

dissociation and intake could play an essential role in ZnO NP toxicity. 
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5.3.3 Co-localization of Zn2+ with cellular organelles 

The biological roles of zinc are mainly of structural, catalytical and regulatory functions. 

Zinc is essential as a structural element in protein folding as well as in macromolecular 

and enzyme stabilization (e.g., superoxide dismutase)269,283. Vallee and Falchuk (1993) 

showed that zinc is a component of the catalytic site of many metalloenzymes194. 

Furthermore, zinc is a regulator of different biological processes (e.g., gene 

regulation)269,280,284. We observed that the Zn2+ after cellular intake shifted subsequently 

into mitochondria and nucleus but not in the ER.  

 

5.3.3.1 Mitochondrial accumulation of Zn2+ 

Using TEM we rarely illustrated ZnO NP in mitochondria. Furthermore, we observed free 

Zn2+ in mitochondria after treatment with ZnO NP. The mechanism of mitochondrial Zn2+ 

uptake and function is not fully understood yet. Different metalloenzymes, such as 

Zim17, are localized in the matrix of mitochondria requiring Zn2+ as co-factor for their 

functions285,194. Maret et al. (2000) and Ye et al. (2001) observed metallothionein (MT) in 

the intermembrane space of mitochondria and pointed out that MT may serve as source 

of increased Zn2+ concentrations within the matrix286. MT are able to detoxify ROS to 

maintain homeostasis. ROS is known to oxidize thiol groups of MT during respiration 

leading to release of Zn2+ 198. We observed increased ROS-levels after 30 min of ZnO NP 

as well as ZnCl2 treatment and in both treatments an increase of intracellular Zn2+-levels, 

assuming a release of Zn2+ from MT through oxidization by ROS. The released Zn2+ 

accumulates in the nucleus and activates the metal regulatory transcription factor 1 

(MTF-1), the known activator of MT genes. MTF-1 binds with its four zinc finger domains 

to the promoters containing a metal-response element (MRE) of the MT gene, leading to 

MT transcription198. We suppose that a physiological level of Zn2+ is important for 

mitochondrial homeostasis, because Zn2+ is necessary for ROS detoxification after 

binding to MT. We observed a depolarization of ΔΨm after treatment with ZnO NP 

(15-18 nm), as well as the starting of early apoptosis events (discussed later). The ΔΨm 

depolarize after Zn2+ overload, resulting in Zn2+ and cytochrome c (cyt c) release into the 

cytoplasm. Cyt c forms an apoptosom initiating the activation of several caspases 

leading to apoptosis254. Sensi et al. (2003) reported that the depolarization of ΔΨm leads 

to an accumulation of Zn2+ in the cytosol released from mitochondria254. This effect was 

observed in neurons and is associated with cell death in diseases such as ischemia and 

epilepsy288. Many years ago it was postulated that Zn2+ is able to inhibit oxidative 

phosphorylation as well as all complexes of the respiratory chain, with dramatically 

outcomes for cell fate289,290. Medvedeva et al. (2014) suggest, that the Zn2+ entry into 
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mitochondria led to ROS generation and resulted in mitochondrial dysfunction and 

played a role in the deregulation of Ca2+ 291. They further blocked the Ca2+ uniporter by 

ruthenium red and showed a reduced mitochondrial Zn2+ uptake but no totally 

inhibition291. We suppose that Zn2+ partially enters mitochondria by a pathway that 

naturally transports Ca2+ and the accumulation over the physiological level leads to 

toxicological effects in form of increased ROS-levels, reduced ΔΨm and the initiation of 

the intrinsic apoptosis pathway. 

 

5.3.3.2 Endoplasmatic accumulation of Zn2+ 

Early data of our working group reported an ER swelling in form of homogenous 

perinuclear clouds after ZnO NP treatment247, that was also observed by Chen et 

al. (2014)292. Due to this reported ER swelling we observed no Zn2+ inside the ER. Chen 

et al. (2014) postulated the presence of ER stress after ZnO NP treatment as cellular 

imbalance and initiator of apoptosis by activation of caspase-12, which is localized inside 

the ER292. They analyzed the ER stress level using quantitative real-time PCR and found 

significant increased levels of xbp-1s mRNA (activator of UPR pathway)292. Chen et 

al. (2014) proposed that ER stress is mainly associated with generated ROS mediated 

by ZnO NP or released Zn2+. Subsequently the increased ROS-level could activate 

apoptosis and necrosis mediated by early signals of ER stress response 292. The lumen 

of the ER is the site for synthesis, folding, and assembling of proteins and many of these 

processes are Zn2+-dependent256,270,292,270,293. We observed no Zn2+ accumulation in the 

ER after treatment with ZnO NP but with this observation we can not confirm if ER stress 

is still present. We suggest that the observed ER swelling in earlier results of our working 

group is an indicator for ER stress but not directly mediated by ZnO NP and Zn2+ but 

rather indirectly by ROS.  

 

5.3.3.3 Nuclear accumulation of Zn2+ 

Interestingly, the TEM-data of A549 cells showed nanoparticles in the nuclear envelope 

as well as inside the nucleus (see Figure 15). Published data of our working group 

indicated a strong increase of nuclear Zn2+ after treatment with ZnO NP measured by 

AAS 248. This data could be confirmed by cLSM measurement of A549 cells in the 

current study (see Figure 27). Treatment with both particle sizes resulted in a fast and 

strong accumulation of Zn2+ in the nucleus. Zn2+ is a possible second messenger and an 

integral part of the active center of multiple enzymes (e.g., carboanhydrase) and nuclear 

proteins (e.g., zinc finger transcription factors and zinc finger nucleases). Our group 
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measured higher levels of Zn2+ in the nuclear than the cytoplasmic fraction, considering 

the smaller volume of the nucleus showing a strong accumulation of Zn2+ in the 

nucleus248. These data suggested an active transport into this cellular compartment. The 

data fit to our hypothesis of a direct Zn2+ activity in the nucleus very well. Weser et 

al. (1973) showed a strong increase of nuclear Zn2+ in liver cells of rat and chicken, after 

in vitro and in vivo administration of ZnCl2294. The nuclear uptake of Zn2+ is discussed as 

ATP dependent translocation of MT, in absence Zn2+ transporters in the nucleus295,296. 

Zn2+ contributes in many important processes like gene expression at the site of nucleus. 

The generation of ROS resulted in oxidation of thiol groups, leading to release of Zn2+ 

storing proteins, such as MT and other proteins complexing Zn2+ by cysteine thiols. 

Spahl (2007) observed that exogenously applied nitrosative stress increases MT mRNA 

expression in a Zn2+ dependent manner released from MT297.The high level of Zn2+ 

inside the nucleus may interact directly to DNA through unknown mechanisms. Zn2+ 

might interact with negatively charged residues of DNA (e.g., the phosphates of the DNA 

backbone)298,299. As mentioned before, high amounts of Zn2+ inside the nucleus may lead 

to toxicity especially genotoxicity in form of direct interactions with DNA to induce DNA 

damages.  
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5.4 Genotoxicity of ZnO NP 

The permanent exposure of cells to ZnO NP may lead to DNA damages and might bear 

a possible mutagenic potential. For this reason, a possible DNA damaging potential, as 

well as DDR regulatory abilities were analyzed. In the following section the in vitro 

genotoxicity of ZnO NP (15-18 nm), and ZnCl2 in A549 cells and primary mucosal cells 

will be discussed.  

 

5.4.1 ZnO NP induce DNA double strand breaks 

The in vitro genotoxicity of two different sizes of ZnO NP (4-5 nm, 15-18 nm), ZnO bulk 

as well as ZnCl2 was investigated. The cells were also pretreated with NAC scavenging 

ROS, DTPA complexing dissociated Zn2+, and particle coating with BSA reducing 

dissociation. The treatment with ZnO NP (15-18 nm) resulted in a strong DNA damaging 

of A549 cells within 15 min of exposure, while strong intracellular increased Zn2+ and 

marginal ROS-levels were observed, suggesting that ZnO NP could trigger DNA 

damages. Furthermore we observed as well DNA DSB in primary cells of mucosa after 

treatment with ZnO NP (15-18 nm). The treatment with ZnO NP (4-5 nm) also leads to 

strong increased DNA damages in A549 cells within 15 min, while lesser intracellular 

Zn2+-levels and slight ROS-levels were detected. Comparable to our results of treatment 

with ZnO NP (15-18 nm), several investigations showed a concentration-dependent 

enhanced generation of ROS and DNA damages in different cell lines after ZnO NP 

treatment using 60-70 µg/mL as highest concentration in contrast to our final 

concentration of 100 µg/mL136,152,240,268. Moreover, DNA damages have been shown to 

occur after repetitive exposure to low concentrations of ZnO NP300. Generation of ROS is 

often used to explain toxic and especially genotoxic responses to ZnO NP, after 

overwhelming intracellular ROS detoxification pathways172,187,301,187,302–304. Karlsson et 

al. (2014) observed oxidative distress as the main genotoxic product in A549 cells, after 

exposure to ZnO NP for 4 h305. In our study the scavenging of ROS by NAC resulted in 

an inclomplete inhibition of DNA DSB after treatment with ZnO NP of both sizes. 

Karlsson et al. (2014) observed DNA DSB after 4 h of treatment with 20 µg/mL ZnO NP 

in contrast to our observed early generation of DNA DSB after treatment with 

100 µg/mL305. Furthermore, we observed ROS, in case of ZnO NP (15-18 nm) after 

30 min and just a slight increase after ZnO NP (4-5 nm) exposure, suggesting ROS as 

minor harmful factor in the early event of DNA damage. Furthermore we found DNA 

damages after treatment with ZnO bulk material. Bulk material is in the size of 

micrometer. Usually, the toxicity of nanoparticles is associated with their enhanced 
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reactivity due to their increased surface area to volume ratio. It is larger and thus has a 

reduced reactivity compared to nanoparticles. Nevertheless, we observed DNA DSB 

induced by ZnO bulk material. This genotoxic potential of ZnO bulk material could also 

be an effect of Zn2+ dissociation from the material. To analyze if Zn2+ is the more decisive 

damaging mechanism we pretreated the cells with DTPA. Complexation of Zn2+ by DTPA 

resulted in a complete inhibition of DNA DSB in case of ZnO NP (15-18 nm) treatment. 

We therefore recommend that the DNA damages are directly attributed to Zn2+, by an 

unknown mechanism of Zn2+-DNA-interaction. We found a strong accumulation of Zn2+ in 

the nucleus, after ZnO NP and ZnCl2 treatment (see Figure 27). The Zn2+ ions possibly 

interact directly with negatively charged phosphates of the DNA backbone. However, the 

early peak of DNA damage (1 min after ZnCl2 and 15 min after ZnO NP treatment) could 

be explained by dissociated particles. Generally under physiological conditions, most of 

Zn2+ is bound to proteins, such as MT. Enhanced levels of ROS may oxidize the zinc 

binding thiol groups of MT, which lead to the release of MT-bound Zn2+ reducing the 

puffer capacity and in turn reinforcing the DNA damaging capability of free Zn2+ 306. 

Especially the second peak of DNA DSB could be attributed to increased ROS-levels, 

measured after 30 min and thereafter increased Zn2+ concentrations. Looking at all 

observations together, we suggest that DNA damages are related to two different 

mechanisms. The first peak is directly related to the internalized Zn2+, taking place in the 

first minutes after ZnO NP exposure and minor to the involvement of generated ROS. 

The second peak is related to the induced ROS and thereafter increased Zn2+ 

concentrations. The nuclear Zn2+ could interact with the DNA by intercalation in the helix, 

or as already mentioned before, react with the phosphates in the DNA backbone. 

 

5.4.2 Activation of DNA damage response 

In this study, we observed an early and late induction of DNA DSB, after ZnO NP and 

ZnCl2 exposure. The fast generation of DNA DSB, as well as the fast intracellular uptake 

of Zn2+, in comparison to later generation of ROS, suggests Zn2+ as main mechanism 

behind ZnO NP genotoxicity. Therefore, we analyzed the DNA damage response 

activation of two well known pathways after ZnO NP treatment: ATM/Chk2- and 

ATR/Chk1 signaling. The ATM/Chk2 signaling was activated following cell exposure to 

ZnO NP as well as ZnCl2. Regardless, no activation of ATR/Chk1 signaling was 

observed. These data show that the ZnO NP induced DNA DSB activated the DDR by 

ATM/Chk2- and not by ATM/Chk1 signaling. Setyawati et al. (2015) observed ATM, ATR 

and Chk1 activation leading to cell cycle arrest or apoptosis in presence of ZnO NP. 

They discussed their outcomes as mainly mediated by ROS, but they implicated Zn2+ as 
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an alternative regulator307. The autophosphorylation of ATM at Ser1981 is still known as 

sensitive marker for DNA DSB and a key process representing cellular responses to 

DNA damages308,309, while ATR is mainly activated in presence of DNA SSB. Therefore, 

we suggested that the activation of ATM/Chk2 pathway is mediated by the generated 

DNA DSB which are observed in this study. After ATM phosphorylation we observed 

increased phosphorylation levels of the downstream effector proteins, Chk2, p53 and 

p21 after treatment with ZnO NP and ZnCl2. Previously, we showed that ZnO NP, as well 

as ZnCl2, induce DNA DSB in a biphasic way. We further investigated whether ZnO NP 

induce ATM/Chk2 activation through Zn2+ or ROS. The extracellular complexation of Zn2+ 

by DTPA resulted in a total inhibition of DNA DSB and an inactivation of ATM/Chk2 

signaling. In contrast, scavenging of ROS led to no complete inhibition of DNA DSB and 

the ATM/Chk2 signaling is activated. We suggested that these outcomes further 

confirmed Zn2+ as the basic mechanism of ZnO NP genotoxicity. Chk2 is located 

downstream of ATM and is activated in an ATM-dependent manner after DNA damages. 

Chk2 is activated in response to ZnO NP, while DTPA pretreatment resulted in a Chk2 

inhibition and NAC treatment in no inhibition, confirming again the activation of 

ATM/Chk2 signaling mediated by dissociated Zn2+. P53 is stabilized by a variety of stress 

related signals. Subsequently, the tumorsuppressor p53 accumulates in the nucleus, 

binds in a specific way to DNA and regulates the transcription of several downstream 

effector genes310. In case of DNA damage, ATM induces different p53 modifications, 

resulting in two well investigated main consequences: the cell cycle arrest with induction 

of DNA repair or apoptosis. We observed a strong stabilization of p53 in presence of 

ZnO NP and ZnCl2, as consequence of DNA damage, after 4 h. This strong p53 

stabilization was reported before by Meyer et al. (2011) in human fibroblasts using same 

exposure time and concentration311. Hainout et al. (2001) described two ways of p53 

activation in presence of ROS. P53 is activated after ROS induced DNA damages 

through AMT/Chk2 signaling or hypoxia310. The second possibility requires an interaction 

of hypoxia inducible factor (HIF-1α) and p53 but the detailed mechanism is still less 

understood310. Chandel et al. (2000) postulated that the mitochondrial generation of ROS 

regulates the redox state of cytoplasm and is responsible for p53 stabilization in 

presence of hypoxia312. In case of ZnO NP (15-18 nm), we observed a time-dependent 

increase of ROS while ΔΨm depolarized, but no ROS-dependent activation of p53 was 

observed. These findings suggested that the activation of p53 after particle treatment is 

independent of ROS. Furthermore, the p53 protein contains cysteins localized within the 

DNA binding domain. Three of these cysteins and a histidin are needed to coordinate the 

zinc building a protein structure that interacts directly to DNA310,311,313,314. Metal chelation 

experiments from Méplan et al. (2000) reported, that p53 is dependent on Zn2+ 
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coordination to bind specifically to DNA, as well as for a correct protein folding310,314. 

Hainaut et al. (2001) reported that the p53 zinc-binding activity is regulated by MT. High 

levels of MT operate as chelator for Zn2+ resulting in the prevention of p53 folding to an 

active form310. Interestingly, beside the p53 activation by ZnO NP and ZnCl2 treatment 

we found a total inhibition of p53 after complexing Zn2+ by DTPA, suggesting Zn2+ as 

mediator of p53 stabilization in presence of DNA DSB. P53 activates the p21 gene, 

which suppresses the cell cycle phase. Another possibility for p21 activation is the 

accumulation of p16 in presence of DNA damages. P21 is a cyclin-dependent kinase 

inhibitor and known as a transcriptional target of p53. It triggers the degradation of 

cyclin B1 mediating the G2/M cell-cycle arrest315,316. We found that p21 was highly 

activated in ZnO NP treated cells after 4 h, suggesting that p21 activation has been 

triggered by the approved p53 signaling pathway. Setyawati et al. (2015) showed a p53 

independent activation of p21 in carcinogenic epithelial cells, while p21 activation is 

triggered by p53 after ZnO NP treatment of normal epithelial cells307. They further 

hypothesized p21 activation as consequence of Erk-mediated pathway activation. They 

based their hypothesis on zinc ions released from ZnO NP, because Zn2+ is known as 

transducer of EGFR-signaling293,308,317,307. Interestingly, we found an activation of Erk and 

p21 after treatment with ZnO NP and ZnCl2 in a Zn2+ dependent manner. Data reported 

by Setywatis et al. (2015) support our findings by observing a Zn2+ mediated activation of 

Erk and p21307. They suggested p21 as a second possible mediator besides p53. 

Concluding, we suggested an activation of ATM/Chk2 activation in a Zn2+ dependent 

manner after dissociation from the particles. 
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6 Conclusion and Outlook 

The combination of physico-chemical characteristics, as found in ZnO nanoparticles, 

allows interactions with cells and opens up new research directions for medicine, 

industrial product design, and environmental remediation. Besides these excellent 

properties for future industrial applications the risk of possible harmful side effects is 

important to investigate. In this context we showed that ZnO NP exposure to cells results 

in toxic effects with reduced viability, decreased ΔΨm, released ROS, initiation of 

apoptosis and considerably increased DNA damages in form of DNA DSB. We observed 

increased Zn2+ levels in cytoplasm, nucleus and mitochondria but rarely detectable 

ZnO NP. We found evidence for the assumption that Zn2+ intake is the initial step of 

ZnO NP intoxication rather than uptake of ZnO NP. We found increased ROS-levels after 

ZnO NP exposure, but strongly reduced ROS-levels after NAC treatment were not 

reflected in equivalently decreased levels of DNA DSB. This concept of Zn2+ rather than 

ROS mediated DNA damages are supported by our DNA damage response pathway 

analysis. We found ATM/Chk2, but no ATR/Chk1 pathway activation after ZnO NP 

exposure. This is indicative for DNA DSB recognition, but not DNA SSB frequently 

induced by ROS. Complexing of free Zn2+ resulted consequently in inhibited ATM/Chk2 

activation, but NAC treatment resulted in no change of activation level. Taken together 

we suggest that the two phases of DNA damages are related to two different 

mechanisms: the first peak is related to the internalized Zn2+ taking place in the first 

minutes after the ZnO NP exposure and the second peak is related to the release of 

endogenous Zn2+ by increasing ROS-levels. Our data suggest a direct DNA damaging 

potential of Zn2+ by an unknown mechanism and ROS as a trigger of endogenous zinc 

release.  

For this reasons further studies are now mandatory to decipher the mechanisms 

resulting in DNA damages. Especially the direct interactions of Zn2+ with DNA structure 

as well as the ROS triggered release of Zn2+ from intracellular proteins have to be 

investigated. The DNA damaging mechanism and possible mutagenic potential of 

ZnO NP have to be evaluated more detailed to reduce their hazardous health effects and 

optimize their physico-chemical characteristics for industrial application. 
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8 Appendix 

8.1 Solubility of ZnO NP 

Table 14: AAS measurement of ZnO NP solubility 

 

ZnO NP (4-5 nm) ZnO NP (15-18 nm) 

Zn (mg/L) Zn (mg/L) 

High purity H2O Cell culture medium High purity H2O Cell culture medium 

1 min 16.88 12.56 3.70 9.52 

5 min 19.17 12.28 5.92 6.34 

15 min 15.96 7.71 4.14 5.80 

30 min 15.73 6.85 5.15 5.42 

1 h 16.69 6.16 4.07 5.26 

4 h 14.83 5.51 4.63 4.79 

 

8.2 Stabilization of ZnO NP with BSA 

Stabilization experiments are based on 3 independent experiments. For the statistical 

analysis the one-way analysis of variance (ANOVA) with Bonferroni ́s multiple 

comparison test was carried out to compare the group of control with ZnO NP, control 

with ZnO NP + BSA, ZnO NP with ZnO NP + BSA (* for p<0.05 is significant, ** for 

p<0.01 is highly significant, *** for p<0.001 is extremely significant). 
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8.2.1 ZnO NP (4-5 nm) 

Table 15: ZnO NP (4-5 nm) stabilization with BSA in A549 cells after 24 h. 

 
A549 cells 

 
viable cells [%] 

  
100 µg/mL 

 
control ZnO NP (4-5 nm) ZnO NP (4-5 nm) + BSA 

N=1 100.00 15.87 178.64 

N=2 100.00 13.07 112.41 

N=3 100.00 9.62 122.16 

mean 100.00 12.85 137.74 

SD 0.00 3.13 35.76 

 

Table 16: Statistical analysis of A549 cells treated with BSA stabilized ZnO NP (4-5 nm) after 24 h 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) 

Table Analyzed 24 h 

One-way analysis of variance 
 

 

P value < 0,0001 

P value summary *** 

Are means signif. different? (P < 0.05) Yes 

Number of groups 3 

F 45.69 

R square 0.9195 

ANOVA Table SS df MS 

 

Treatment (between columns) 29447 2 14724 

Residual (within columns) 2578 8 322.2 

Total 32025 10 
 

Bonferroni's Multiple Comparison Test Mean Diff, t Significant? P < 0,05? Summary 
95% CI of 

diff 

control vs ZnO NP (4-5 nm) 86.83 6.841 Yes *** 
48,55 to 

125,1 

control vs ZnO NP (4-5 nm) + BSA -37.74 2.752 No ns 
-79,08 to 

3,611 
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ZnO NP (4-5 nm) vs ZnO NP (4-5 nm) + 
BSA 

-124.6 9.086 Yes *** 
-165,9 to -

83,22 

 

8.2.2 ZnO NP (15-18 nm) 

Table 17: ZnO NP (15-18 nm) stabilization with BSA in A549 cells after 24 h. 

 
A549 cells 

 
viable cells [%] 

 
control ZnO NP (15-18 nm) ZnO NP (15-18 nm) + BSA 

N=1 100.00 12.40 93.34 

N=2 100.00 13.66 112.41 

N=3 100.00 10.46 153.38 

mean 100.00 12.17 119.71 

SD 0.00 1.61 30.68 

 

Table 18: Statistical analysis of A549 cells treated with BSA stabilized ZnO NP (15-18 nm) after 24 h 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

Table Analyzed 24 h 

Repeated Measures ANOVA 
 

 

P value 0.0039 

P value summary ** 

Are means signif. different? (P < 0.05) Yes 

Number of groups 3 

F 30.07 

R square 0.9376 

ANOVA Table SS df MS 

 

Treatment (between columns) 19666 2 9833 

Individual (between rows) 579.5 2 289.7 

Residual (random) 1308 4 327 

Total 21554 8 
 

Bonferroni's Multiple Comparison Test 
Mean 

Diff, 
t Significant? P < 0,05? Summary 

95% CI of 

diff 
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control vs ZnO NP (15-18 nm) 87.83 5.948 Yes * 
29,35 to 

146,3 

control vs ZnO NP (15-18 nm) + BSA -19.71 1.335 No ns 
-78,19 to 

38,77 

ZnO NP (15-18 nm) vs ZnO NP (15-18 nm) + 
BSA 

-107.5 7.283 Yes ** 
-166,0 to -

49,06 

 

8.3 Intracellular Zn2+ distribution after ZnO NP treatment 

Spectrofluorimetric experiments of intracellular Zn2+ distribution are based on at least 3 

independent experiments. For the statistical analysis the one-way analysis of variance 

(ANOVA) with Bonferroni ́s multiple comparison test was carried out to compare the 

group of ZnO NP with ZnO NP + BSA and ZnO NP + DTPA (* for p<0.05 is significant, ** 

for p<0.01 is highly significant, *** for p<0.001 is extremely significant). 

 

8.3.1 ZnO NP (4-5 nm) 

Table 19: Intracellular distribution of Zn2+ after treatment with ZnO NP (4-5 nm) 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 mean SD 

control 0.17 0.07 0.16 0.13 0.06 

6 sec 1.69 0.77 0.65 1.04 0.57 

18 sec 1.96 0.81 0.68 1.15 0.71 

30 sec 1.89 0.87 0.74 1.17 0.63 

42 sec 1.87 0.88 0.74 1.16 0.62 

54 sec 2.21 0.92 0.75 1.29 0.80 

2 min 2.18 0.88 0.83 1.30 0.76 

4 min 2.36 0.94 0.80 1.37 0.87 

10 min 2.43 1.09 1.03 1.52 0.79 

20 min 2.71 1.18 1.15 1.68 0.89 

30 min 3.20 1.18 1.37 1.92 1.12 

40 min 3.13 1.23 1.47 1.95 1.04 

50 min 3.43 1.35 1.43 2.07 1.18 
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60 min 3.39 1.51 1.52 2.14 1.08 

 

Table 20: Intracellular distribution of Zn2+ after treatment with ZnO NP (4-5 nm) + DTPA 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) + 0.06 mM DTPA 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 mean SD 

control 0.00 0.20 0.17 0.12 0.11 

6 sec 0.00 0.48 0.46 0.31 0.27 

18 sec 0.05 0.54 0.47 0.35 0.26 

30 sec 0.06 0.51 0.49 0.36 0.25 

42 sec 0.06 0.50 0.52 0.36 0.26 

54 sec 0.12 0.52 0.57 0.40 0.24 

2 min 0.08 0.54 0.49 0.37 0.25 

4 min 0.11 0.66 0.70 0.49 0.33 

10 min 0.09 0.73 0.95 0.59 0.44 

20 min 0.20 0.99 1.04 0.74 0.47 

30 min 0.15 1.08 1.09 0.77 0.54 

40 min 0.20 1.06 1.04 0.77 0.49 

50 min 0.14 1.03 0.91 0.69 0.48 

60 min 0.19 1.11 0.93 0.74 0.49 

 

Table 21: Intracellular distribution of Zn2+ after treatment with ZnO NP (4-5 nm) + BSA 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) + BSA 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 mean SD 

control 0.00 0.12 0.23 0.12 0.12 

6 sec 0.53 1.50 0.47 0.83 0.58 

18 sec 0.58 1.64 0.56 0.93 0.62 

30 sec 0.49 1.76 0.45 0.90 0.74 

42 sec 0.50 1.78 0.52 0.94 0.73 
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54 sec 0.49 1.78 0.53 0.93 0.73 

2 min 0.57 1.98 0.59 1.05 0.81 

4 min 0.49 2.25 0.63 1.12 0.98 

10 min 0.60 2.42 0.75 1.25 1.01 

20 min 0.63 2.93 0.85 1.47 1.27 

30 min 0.66 3.38 1.15 1.73 1.45 

40 min 0.70 3.58 1.18 1.82 1.54 

50 min 0.68 4.13 1.22 2.01 1.85 

60 min 0.73 4.18 1.35 2.09 1.84 

 

8.3.2 ZnO NP (15-18 nm) 

Table 22: Intracellular distribution of Zn2+ after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 N=4 mean SD 

control 0.02 0.23 0.03 0.16 0.11 0.10 

6 sec 25.81 1.65 7.57 10.69 11.43 10.29 

18 sec 23.39 1.48 7.93 11.99 11.20 9.21 

30 sec 24.06 1.67 8.60 11.74 11.52 9.36 

42 sec 23.06 1.50 8.67 13.80 11.76 9.06 

54 sec 28.70 1.61 8.90 14.71 13.48 11.47 

2 min 30.42 1.48 10.23 12.35 13.62 12.15 

4 min 26.84 1.54 11.10 20.20 14.92 11.01 

10 min 24.47 1.61 12.55 28.24 16.72 12.09 

20 min 29.51 1.66 15.52 29.12 18.95 13.24 

30 min 38.48 1.84 15.89 30.18 21.60 16.14 

40 min 37.95 1.90 19.79 31.02 22.66 15.74 

50 min 58.70 2.10 20.56 36.51 29.47 24.03 

60 min 59.11 2.15 45.15 32.31 34.68 24.29 
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Table 23: Intracellular distribution of Zn2+ after treatment with ZnO NP (15-18 nm) + DTPA 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) + 0.06 mM DTPA 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 mean SD 

control 0.02 0.27 0.09 0.13 0.13 

6 sec 1.93 4.57 2.50 3.00 1.39 

18 sec 2.02 4.23 2.75 3.00 1.13 

30 sec 2.22 4.51 2.62 3.12 1.22 

42 sec 1.94 4.47 2.45 2.95 1.34 

54 sec 1.92 4.78 2.49 3.06 1.51 

2 min 2.04 4.20 2.47 2.90 1.14 

4 min 2.15 3.96 2.15 2.75 1.05 

10 min 2.10 3.93 2.09 2.71 1.06 

20 min 2.67 3.78 1.92 2.79 0.93 

30 min 2.63 3.66 1.91 2.73 0.88 

40 min 2.84 3.52 1.78 2.71 0.88 

50 min 2.96 4.32 1.79 3.02 1.27 

60 min 3.10 3.92 1.99 3.00 0.97 

 

Table 24: Intracellular distribution of Zn2+ after treatment with ZnO NP (15-18 nm) + BSA 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) + BSA 

 
Zn2+ [nM] 

 
N=1 N=2 N=3 mean SD 

control 0.02 0.01 0.82 0.28 0.46 

6 sec 0.37 0.67 1.38 0.80 0.52 

18 sec 0.32 0.62 0.12 0.36 0.25 

30 sec 0.23 0.58 -0.04 0.26 0.31 

42 sec 0.22 0.59 -0.12 0.23 0.35 

54 sec 0.19 0.56 -0.08 0.23 0.32 

2 min 0.12 0.64 0.01 0.26 0.34 
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4 min 0.11 0.72 0.02 0.28 0.38 

10 min 0.91 0.76 0.23 0.63 0.36 

20 min 1.06 1.07 0.41 0.85 0.38 

30 min 1.16 0.80 0.47 0.81 0.34 

40 min 1.13 1.00 0.40 0.84 0.39 

50 min 1.39 1.01 0.61 1.01 0.39 

60 min 1.30 1.06 0.64 1.00 0.34 

 

Table 25: Statistical analysis of intracellular Zn2+ accumulation after ZnO NP (15-18 nm) treatment 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) 

Table Analyzed  

 Two-way ANOVA 

Source of Variation % of total variation P value 

 

Interaction 9,64 0,8134 

Column Factor 39,68 < 0,0001 

Row Factor 5,19 0,6469 

Source of Variation P value summary Significant? 

Interaction ns No 

Column Factor *** Yes 

Row Factor ns No 

Source of Variation Df Sum-of-squares Mean square F 

Interaction 52 3562 68,50 0,8095 

Column Factor 2 14664 7332 86,65 

Row Factor 26 1919 73,82 0,8724 

Residual 189 15992 84,61 
 

Number of missing values 54 

 Bonferroni posttests 
 

 
ZnO NP (15-18 nm) vs ZnO NP (15-18 nm) + BSA 

Row Factor ZnO NP (15-18 nm) 
ZnO NP (15-18 nm) 

+ BSA 
Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control -0,04497 0,006401 P > 0,05 ns 
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1 sec -6,700 0,9537 P > 0,05 ns 

6 sec -8,426 1,199 P > 0,05 ns 

12 sec -7,636 1,087 P > 0,05 ns 

18 sec -8,197 1,167 P > 0,05 ns 

24 sec -8,130 1,157 P > 0,05 ns 

30 sec -8,403 1,196 P > 0,05 ns 

36 sec -9,629 1,371 P > 0,05 ns 

42 sec -8,804 1,253 P > 0,05 ns 

48 sec -9,314 1,326 P > 0,05 ns 

54 sec -10,42 1,483 P > 0,05 ns 

1 min -9,402 1,338 P > 0,05 ns 

2 min -10,72 1,526 P > 0,05 ns 

3 min -9,108 1,296 P > 0,05 ns 

4 min -12,17 1,732 P > 0,05 ns 

5 min -11,78 1,677 P > 0,05 ns 

10 min -14,01 1,994 P > 0,05 ns 

15 min -15,17 2,159 P > 0,05 ns 

20 min -16,16 2,300 P > 0,05 ns 

25 min -16,62 2,365 P > 0,05 ns 

30 min -18,87 2,685 P > 0,05 ns 

35 min -21,81 3,104 P > 0,05 ns 

40 min -19,95 2,840 P > 0,05 ns 

45 min -26,11 3,717 P<0,01 ** 

50 min -26,44 3,764 P<0,01 ** 

55 min -27,29 3,884 P<0,01 ** 

60 min -31,67 4,508 P<0,001 *** 

 
ZnO NP (15-18 nm) vs ZnO NP (15-18 nm) + DTPA 

Row Factor ZnO NP (15-18 nm) 
ZnO NP (15-18 nm) 

+ DTPA 
Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0,2907 0,04138 P > 0,05 ns 

1 sec -8,996 1,280 P > 0,05 ns 

6 sec -10,62 1,512 P > 0,05 ns 
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12 sec -10,22 1,455 P > 0,05 ns 

18 sec -10,84 1,543 P > 0,05 ns 

24 sec -10,82 1,541 P > 0,05 ns 

30 sec -11,26 1,603 P > 0,05 ns 

36 sec -12,39 1,764 P > 0,05 ns 

42 sec -11,53 1,640 P > 0,05 ns 

48 sec -12,06 1,716 P > 0,05 ns 

54 sec -13,26 1,887 P > 0,05 ns 

1 min -12,15 1,729 P > 0,05 ns 

2 min -13,36 1,902 P > 0,05 ns 

3 min -11,73 1,669 P > 0,05 ns 

4 min -14,64 2,083 P > 0,05 ns 

5 min -14,23 2,025 P > 0,05 ns 

10 min -16,08 2,289 P > 0,05 ns 

15 min -17,13 2,438 P > 0,05 ns 

20 min -18,10 2,577 P > 0,05 ns 

25 min -18,67 2,657 P > 0,05 ns 

30 min -20,79 2,959 P > 0,05 ns 

35 min -23,68 3,371 P < 0,05 * 

40 min -21,82 3,106 P > 0,05 ns 

45 min -28,03 3,989 P<0,01 ** 

50 min -28,46 4,051 P<0,01 ** 

55 min -29,40 4,185 P<0,01 ** 

60 min -33,68 4,793 P<0,001 *** 

 

8.4 Nuclear Zn2+ accumulation 

cLSM measurements of nuclear Zn2+ distribution are based on at least 3 independent 

experiments. The FluoZinTM-3 intensity of at least, 2 cells per image was calculated by 

the use of Image J 1.47f. For the statistical analysis of nuclear Zn2+ accumulation after 

ZnO NP (4-5 nm), ZnO NP (15-18 nm), and ZnCl2 treatment the  one-way analysis of 

variance (ANOVA) with Bonferroni ́s multiple comparison test was carried out to compare 

the time points in each groups to the untreated control (* for p<0.05 is significant, ** for 

p<0.01 is highly significant, *** for p<0.001 is extremely significant). 
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Table 26: Measurement of nuclear Zn2+ accumulation after ZnO NP (4-5 nm) treatment 

  
A549 cells 

  
Zn2+ [%] of control 

  
100 µg/mL ZnO NP (4-5 nm) 

  
control 1 min 10 min 20 min 30 min 40 min 50 min 60 min 

N=1 

cell 1 100.00 222.94 2122.25 3576.14 3188.22 1956.20 3145.96 1440.57 

cell 2 100.00 284.50 3599.23 6626.16 6655.81 2825.39 6414.15 5213.37 

cell 3 100.00 282.72 3713.06 6038.37 2641.50 3560.68 1349.52 1507.62 

cell 4 100.00 353.91 4260.87 6211.13 4747.65 6596.17 2303.13 1788.00 

cell 5 100.00 223.71 2460.72 4238.68 3774.85 4595.09 2818.92 2044.79 

cell 6 100.00 81.24 67.00 83.22 203.39 413.82 686.32 1183.08 

cell 7 100.00 78.76 49.64 56.01 77.57 154.97 235.32 361.81 

N=2 

cell 1 100.00 89.37 71.44 81.20 107.56 164.85 242.97 365.55 

cell 2 100.00 59.52 34.98 45.60 91.76 243.96 404.95 666.30 

cell 3 100.00 64.63 47.76 52.85 104.07 264.43 803.25 1154.68 

cell 4 100.00 103.52 94.53 99.02 113.90 119.95 136.55 227.51 

cell 5 100.00 99.48 98.79 70.48 52.51 66.67 68.74 88.74 

N=3 

cell 1 100.00 112.95 112.35 152.28 188.31 213.25 274.10 422.18 

cell 2 100.00 91.58 109.01 138.92 156.72 134.12 217.65 412.63 

cell 3 100.00 65.56 55.75 52.15 55.58 61.99 127.72 244.68 

cell 4 100.00 96.12 88.95 134.09 124.57 117.55 140.79 191.69 

 

Table 27: Measurement of nuclear Zn2+ accumulation after ZnO NP (15-18 nm) treatment 

  
A549 cells 

  
Zn2+ [%] of control 

  
100 µg/mL ZnO NP (15-18 nm) 

  
control 1 min 10 min 20 min 30 min 40 min 50 min 60 min 

N=1 

cell 1 100.00 113.58 241.72 314.47 382.65 430.71 N/A N/A 

cell 2 100.00 161.60 587.50 687.32 681.05 639.21 N/A N/A 

cell 3 100.00 171.25 1017.38 1451.63 1529.00 1559.53 N/A N/A 

cell 4 100.00 152.52 554.06 755.38 873.64 919.88 N/A N/A 

cell 5 100.00 127.56 344.48 469.68 527.28 554.20 N/A N/A 



Analysis of ZnO NP as a potential mutagen of respiratory epithelia 

144 

cell 6 100.00 161.33 373.25 493.21 575.82 616.86 N/A N/A 

cell 7 100.00 134.13 431.21 623.23 723.64 766.36 N/A N/A 

cell 8 100.00 156.79 465.32 547.55 577.87 580.40 N/A N/A 

cell 9 100.00 161.41 442.81 548.56 589.08 587.93 N/A N/A 

cell 10 100.00 171.41 432.22 486.90 503.02 502.99 N/A N/A 

N=2 
cell 1 100.00 110.49 111.11 296.30 549.38 800.62 843.83 530.86 

cell 2 100.00 107.94 222.22 246.03 460.32 749.21 820.63 503.97 

N=3 

cell 1 100.00 101.16 81.76 154.09 462.26 427.67 695.60 484.59 

cell 2 100.00 105.92 184.21 315.79 618.42 1367.11 936.84 700.00 

cell 3 100.00 138.36 392.09 527.87 646.67 750.19 824.23 554.86 

cell 4 100.00 103.97 130.19 40.90 65.69 101.84 159.23 163.19 

cell 5 100.00 102.50 162.33 38.00 74.31 169.98 280.79 217.28 

cell 6 100.00 93.49 85.99 34.49 32.99 38.03 36.78 44.50 

cell 7 100.00 123.46 131.43 30.44 38.89 43.55 28.34 36.87 

 

Table 28: Statistical analysis of nuclear Zn2+ accumulation after ZnO NP (15-18 nm) treatment 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

Table Analyzed 

 One-way analysis of variance 

P value < 0,0001 

 

P value summary *** 

Are means signif. different? (P < 
0.05) 

Yes 

Number of groups 8 

F 7.803 

R square 0.3058 

P value summary ns 

 
Do the variances differ signif. (P 

< 0.05) 
No 

ANOVA Table SS df MS 

 
Treatment (between columns) 4267000 7 609636 

Residual (within columns) 9688000 124 78128 
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Total 13960000 131 
 

Bonferroni's Multiple Comparison 
Test 

Mean Diff, t 
Significant? P < 

0,05? 
Summary 

95% CI of 

diff 

control vs 1 min -31.52 0.3476 No ns 
-321,1 to 

258,0 

control vs 10 min -236.4 2.607 No ns 
-525,9 to 

53,16 

control vs 20 min -324.3 3.576 Yes * 
-613,9 to -

34,76 

control vs 30 min -421.7 4.65 Yes *** 
-711,2 to -

132,1 

control vs 40 min -510.9 5.633 Yes *** 
-800,4 to -

221,3 

control vs 50 min -414 3.661 Yes * 
-775,2 to -

52,90 

control vs 60 min -259.6 2.295 No ns 
-620,7 to 

101,6 

 

Table 29: Measurement of nuclear Zn2+ accumulation after ZnCl2 treatment 

  
A549 cells 

  
Zn2+ [%] of control 

  
100 µg/mL ZnCl2  

  
control 1 min 10 min 20 min 30 min 40 min 50 min 60 min 

N=1 

cell 1 100.00 258.35 444.74 487.24 513.21 535.66 452.55 411.26 

cell 2 100.00 299.26 462.15 480.05 486.13 492.01 448.89 391.50 

cell 3 100.00 202.08 271.52 301.78 331.58 353.92 334.93 325.92 

N=2 

cell 1 100.00 312.66 501.19 504.10 503.25 505.92 438.19 288.18 

cell 2 100.00 216.31 262.45 255.59 257.49 269.83 338.70 299.02 

cell 3 100.00 319.39 491.50 490.62 489.32 491.25 455.74 214.65 

cell 4 100.00 319.54 452.79 453.07 453.23 453.32 302.96 67.84 

cell 5 100.00 152.84 161.81 156.38 144.38 91.63 135.42 132.41 

cell 6 100.00 131.80 145.02 148.87 147.00 87.72 134.32 131.85 

cell 7 100.00 142.98 143.75 134.94 122.87 71.65 112.60 108.05 

N=3 
cell 1 100.00 83.97 76.42 83.26 104.36 171.75 210.17 211.80 

cell 2 100.00 90.35 107.42 123.74 142.82 191.92 239.55 264.32 
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cell 3 100.00 156.98 148.04 154.19 188.18 303.26 468.53 168.96 

cell 4 100.00 126.64 178.83 208.63 258.03 262.20 296.64 323.49 

cell 5 100.00 110.90 156.00 199.27 220.42 259.62 328.78 430.39 

cell 6 100.00 126.80 178.71 212.52 263.08 326.39 427.03 569.14 

 

Table 30: Statistical analysis of nuclear Zn2+ accumulation after ZnCl2 treatment 

 
A549 cells 

 
100 µg/mL ZnCl2 [%] 

Table Analyzed 

 One-way analysis of variance 

P value < 0,0001 

 

P value summary *** 

Are means signif. different? (P < 
0.05) 

Yes 

Number of groups 8 

F 4.904 

R square 0.2224 

P value summary ns 

 
Do the variances differ signif. (P < 

0.05) 
No 

ANOVA Table SS df MS 

 

Treatment (between columns) 585640 7 83663 

Residual (within columns) 2047000 120 17061 

Total 2633000 127 
 

Bonferroni's Multiple Comparison 
Test 

Mean Diff, t 
Significant? P < 

0,05? 
Summary 

95% CI of 

diff 

control vs 1 min -90.68 1.964 No ns 
-238,2 to 

56,88 

control vs 10 min -161.4 3.495 Yes * 
-309,0 to -

13,84 

control vs 20 min -174.6 3.782 Yes ** 
-322,2 to -

27,09 

control vs 30 min -189.1 4.095 Yes ** 
-336,6 to -

41,53 

control vs 40 min -204.3 4.423 Yes *** -351,8 to -
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56,70 

control vs 50 min -220.3 4.771 Yes *** 
-367,9 to -

72,76 

control vs 60 min -171.2 3.707 Yes ** 
-318,7 to -

23,62 

 

8.5 Viability 

Spectrofluorimetric experiments of intracellular Zn2+ distribution are based on at least 3 

independent experiments. For the statistical analysis of cellular viability after treatment 

with ZnO NP (0.1, 10 and 100 µg/mL) the one-way analysis of variance (ANOVA) with 

Bonferroni ́s multiple comparison test was carried out to compare all points in time within 

a group (* for p<0.05 is significant, ** for p<0.01 is highly significant, *** for p<0.001 is 

extremely significant). 

 

8.5.1 ZnO NP (4-5 nm) 

Table 31: Viability analysis of three different concentrations of ZnO NP (4-5 nm) 

 
A549 cells 

 
Viability [%] of control 

 
0.1 µg/mL ZnO NP (4-5 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 110.05 104.15 102.24 95.27 97.60 

N=2 100.00 96.82 70.70 106.40 141.36 100.77 

N=3 100.00 98.58 99.44 94.00 92.60 102.68 

mean 100.00 101.81 91.43 100.88 109.74 100.35 

SD 0.00 7.18 18.11 6.31 27.41 2.56 

 

 
Viability [%] of control 

 
10 µg/mL ZnO NP (4-5 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 90.67 84.53 93.93 164.16 147.25 

N=2 100.00 94.57 88.86 93.33 86.46 96.77 

N=3 100.00 114.50 100.26 96.46 92.24 82.21 

mean 100.00 99.91 91.22 94.57 114.29 108.75 
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SD 0.00 12.78 8.12 1.66 43.29 34.13 

 

 
Viability [%] of control 

 
100 µg/mL ZnO NP (4-5 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 32.62 37.53 31.35 33.13 33.96 

N=2 100.00 84.94 91.23 52.77 59.39 47.55 

N=3 100.00 46.90 58.84 65.21 48.68 43.92 

mean 100.00 54.82 62.53 49.78 47.07 41.81 

SD 0.00 27.04 27.04 17.13 13.20 7.04 

 

Table 32: Statistical analysis of viability in A549 cells treated with 100 µg/mL ZnO NP (4-5 nm) 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5nm) 

Table Analyzed 

 One-way analysis of variance 

P value 0.0217 

 

P value summary * 

Are means signif. different? (P < 
0.05) 

Yes 

Number of groups 6 

F 4.061 

R square 0.6286 

ANOVA Table SS df MS 

 

Treatment (between columns) 6700 5 1340 

Residual (within columns) 3959 12 329.9 

Total 10659 17 
 

Bonferroni's Multiple Comparison 
Test 

Mean 

Diff, 
t Significant? P < 0,05? Summary 95% CI of diff 

control vs 1 min 45.18 3.046 No ns 
-8,936 to 

99,30 

control vs 15 min 37.47 2.526 No ns 
-16,65 to 

91,58 

control vs 30 min 50.22 3.386 No ns -3,895 to 
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104,3 

control vs 1 h 52.93 3.569 No ns 
-1,185 to 

107,0 

control vs 4 h 58.19 3.924 Yes * 
4,075 to 

112,3 

1 min vs 15 min -7.715 0.5202 No ns 
-61,83 to 

46,40 

1 min vs 30 min 5.041 0.3399 No ns 
-49,08 to 

59,16 

1 min vs 1 h 7.751 0.5226 No ns 
-46,37 to 

61,87 

1 min vs 4 h 13.01 0.8773 No ns 
-41,11 to 

67,13 

15 min vs 30 min 12.76 0.8601 No ns 
-41,36 to 

66,87 

15 min vs 1 h 15.47 1.043 No ns 
-38,65 to 

69,58 

15 min vs 4 h 20.73 1.397 No ns 
-33,39 to 

74,84 

30 min vs 1 h 2.71 0.1827 No ns 
-51,41 to 

56,83 

30 min vs 4 h 7.97 0.5374 No ns 
-46,15 to 

62,09 

1 h vs 4 h 5.26 0.3547 No ns 
-48,86 to 

59,38 
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8.5.2 ZnO NP (15-18 nm) 

Table 33: Viability analysis of three different concentrations of ZnO NP (15-18 nm) 

 
A549 cells 

 
Viability [%] of control 

 
0.1 µg/mL ZnO NP (15-18 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 52.23 99.84 123.21 118.17 131.28 

N=2 100.00 136.92 164.49 182.17 160.90 227.90 

N=3 100.00 103.03 194.96 131.08 120.23 132.17 

N=4 100.00 147.42 53.64 112.93 85.72 146.63 

mean 100.00 109.90 128.23 137.35 121.25 159.49 

SD 0.00 42.86 63.61 30.79 30.79 46.14 

 

 
Viability [%] of control 

 
10 µg/mL ZnO NP (15-18 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 157.40 127.39 88.18 78.37 161.56 

N=2 100.00 114.37 156.64 245.13 119.88 198.31 

N=3 100.00 88.99 129.45 147.26 103.74 156.64 

N=4 100.00 214.71 196.92 231.45 157.16 205.22 

Mean 100.00 143.87 152.60 178.00 114.79 180.43 

SD 0.00 55.03 32.42 73.89 33.01 24.88 

 

 
Viability [%] of control 

 
100 µg/mL ZnO NP (15-18 nm) 

 
control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 62.23 37.32 26.37 23.34 26.95 

N=2 100.00 119.21 107.30 79.93 86.55 83.37 

N=3 100.00 72.08 77.74 46.83 30.40 80.63 

N=4 100.00 72.11 81.30 17.81 124.73 85.65 

Mean 100.00 81.41 75.91 42.74 66.25 69.15 

SD 0.00 25.63 28.91 27.62 48.16 28.21 
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Table 34: Statistical analysis of viability in A549 cells treated with 100 µg/mL ZnO NP (15-18 nm) 

Table Analyzed ZnO NP (15-18 nm) 

Column A control 

vs vs 

Column D 30 min 

Paired t test   

P value 0,0255 

P value summary * 

Are means signif. different? (P < 0.05) Yes 

One- or two-tailed P value? Two-tailed 

t, df t=4,146 df=3 

Number of pairs 4 

How big is the difference?   

Mean of differences 57,26 

95% confidence interval 13,31 to 101,2 

R square 0,8514 

 

8.6 ROS assay 

Spectrofluorimetric measurements of intracellular ROS-levels are based on at least 3 

independent experiments. For the statistical analysis the one-way analysis of variance 

(ANOVA) with Bonferroni ́s multiple comparison test was carried out to compare the 

group of ZnO NP with ZnCl2, ZnO NP + BSA, ZnO NP + NAC and ZnO NP + DTPA (* for 

p<0.05 is significant, ** for p<0.01 is highly significant, *** for p<0.001 is extremely 

significant). 

 

8.6.1 Positive controls 

Table 35: Control and positive controls of ROS assay 

 
A549 cells 

 
ROS [%] of control 

 
control 500 µM H2O2 1 mM H2O2 

 
N=1 N=2 N=3 N=1 N=2 N=3 N=1 N=2 N=3 

control 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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1 min 108.00 109.00 102.67 165.00 167.08 227.02 180.92 169.18 287.83 

15 min 107.00 107.00 109.01 328.00 319.48 353.12 400.68 337.69 418.92 

30 min 110.00 111.00 117.71 399.00 396.56 370.00 527.61 463.87 451.35 

1 h 110.00 113.00 130.55 428.00 411.83 376.73 602.71 520.37 466.76 

2 h 123.00 128.00 144.24 446.00 433.45 386.61 647.93 592.45 474.57 

3 h 127.00 132.00 172.54 446.00 432.06 406.03 644.74 591.24 486.78 

4 h 137.00 142.00 193.22 444.00 443.19 421.12 639.86 600.56 499.53 

5 h 152.00 155.00 210.37 454.00 454.04 431.66 651.41 605.11 510.36 

6 h 158.00 160.00 232.44 455.00 461.26 442.70 647.96 607.19 518.68 

 

8.6.2 ZnO NP (4-5 nm) 

Table 36: Time-dependent generation of ROS after treatment with ZnO NP (4-5 nm) 

 
A549 cells 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (4-5 nm)  

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 102.24 124.78 175.93 134.32 37.76 

15 min 105.92 128.38 161.78 132.03 28.11 

30 min 106.28 129.73 162.48 132.83 28.23 

1 h 103.42 127.16 152.87 127.82 24.73 

2 h 97.77 121.70 136.78 118.75 19.67 

3 h 98.39 123.11 132.77 118.09 17.73 

4 h 99.23 105.16 132.02 112.14 17.47 

5 h 65.38 104.94 141.55 103.96 38.10 

6 h 104.90 65.21 140.50 103.54 37.66 

 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (4-5 nm) + 5 mM NAC 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 107.00 108.00 109.00 108.00 1.00 

15 min 119.00 108.00 113.00 113.33 5.51 



8 Appendix 

153 

30 min 119.00 109.00 113.00 113.67 5.03 

1 h 121.00 109.00 114.00 114.67 6.03 

2 h 127.00 108.00 115.00 116.67 9.61 

3 h 125.00 110.00 115.00 116.67 7.64 

4 h 126.00 110.00 115.00 117.00 8.19 

5 h 127.00 108.00 115.00 116.67 9.61 

6 h 127.00 109.00 115.00 117.00 9.17 

 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (4-5 nm) + 0.06 mM DTPA 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 94.87 108.21 175.72 126.27 43.35 

15 min 96.61 110.58 152.09 119.76 28.86 

30 min 91.01 108.03 151.91 116.98 31.42 

1 h 90.23 106.88 148.18 115.10 29.83 

2 h 81.03 95.92 142.69 106.55 32.18 

3 h 69.82 83.40 143.95 99.06 39.47 

4 h 77.86 89.69 143.96 103.84 35.25 

5 h 103.55 90.90 154.39 116.28 33.60 

6 h 108.48 92.75 157.29 119.51 33.66 

 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (4-5 nm) + BSA 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 119.54 112.23 142.14 124.64 15.59 

15 min 120.96 115.24 128.37 121.52 6.58 

30 min 119.87 117.90 126.96 121.58 4.76 

1 h 115.60 115.77 118.71 116.69 1.75 

2 h 108.05 110.48 98.69 105.74 6.22 

3 h 108.06 112.04 94.95 105.02 8.94 

4 h 108.39 101.79 93.38 101.19 7.52 

5 h 95.97 101.94 102.84 100.25 3.74 
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6 h 101.58 95.43 101.86 99.62 3.63 

 

Table 37: Statistical analysis of intracellular ROS-levels after ZnO NP (4-5 nm) treatment 

 
A549 cells 

 
100 µg/mL ZnO NP (4-5 nm) 

Two-way ANOVA 

 
 

Source of Variation % of total variation P value 

 

Interaction 26.35 0.0002 

Column Factor 38.23 < 0,0001 

Row Factor 6.35 0.0155 

Source of Variation P value summary Significant? 

Interaction *** Yes 

Column Factor *** Yes 

Row Factor * Yes 

Source of Variation Df Sum-of-squares Mean square F 

Interaction 36 37773 1049 2.516 

Column Factor 4 54806 13702 32.86 

Row Factor 9 9098 1011 2.425 

Residual 100 41697 417 
 

Number of missing 
values 

0 
 

Bonferroni 
posttests  

ZnO NP (4-5 nm) vs ZnO NP (4-5 nm) + NAC 

Row Factor ZnO NP (4-5 nm) 
ZnO NP (4-5 nm) + 

NAC 
Difference 95% CI of diff, 

control 100 100 0 -55,38 to 55,38 

1 min 134.3 108 -26.32 -81,70 to 29,07 

15 min 132 113.3 -18.69 -74,07 to 36,69 

30 min 132.8 113.7 -19.16 -74,55 to 36,22 

1 h 127.8 114.7 -13.15 -68,53 to 42,23 

2 h 118.8 116.7 -2.085 -57,47 to 53,30 
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3 h 118.1 116.7 -1.422 -56,80 to 53,96 

4 h 112.1 117 4.864 -50,52 to 60,25 

5 h 104 116.7 12.71 -42,67 to 68,09 

6 h 103.5 117 13.46 -41,92 to 68,85 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -26.32 1.578 P > 0,05 ns 

15 min -18.69 1.121 P > 0,05 ns 

30 min -19.16 1.149 P > 0,05 ns 

1 h -13.15 0.7888 P > 0,05 ns 

2 h -2.085 0.1251 P > 0,05 ns 

3 h -1.422 0.08526 P > 0,05 ns 

4 h 4.864 0.2917 P > 0,05 ns 

5 h 12.71 0.7623 P > 0,05 ns 

6 h 13.46 0.8076 P > 0,05 ns 

ZnO NP (4-5 nm) vs ZnO NP (4-5 nm) + BSA 

Row Factor ZnO NP (4-5 nm) 
ZnO NP (4-5 nm) + 

BSA 
Difference 95% CI of diff, 

control 100 100 0 -55,38 to 55,38 

1 min 134.3 124.6 -9.68 -65,06 to 45,70 

15 min 132 121.5 -10.5 -65,88 to 44,88 

30 min 132.8 121.6 -11.26 -66,64 to 44,13 

1 h 127.8 116.7 -11.12 -66,51 to 44,26 

2 h 118.8 105.7 -13.01 -68,39 to 42,37 

3 h 118.1 105 -13.07 -68,45 to 42,31 

4 h 112.1 101.2 -10.95 -66,33 to 44,43 

5 h 104 100.3 -3.704 -59,09 to 51,68 

6 h 103.5 99.62 -3.913 -59,30 to 51,47 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -9.68 0.5806 P > 0,05 ns 

15 min -10.5 0.6299 P > 0,05 ns 

30 min -11.26 0.6751 P > 0,05 ns 
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1 h -11.12 0.6672 P > 0,05 ns 

2 h -13.01 0.7803 P > 0,05 ns 

3 h -13.07 0.784 P > 0,05 ns 

4 h -10.95 0.6566 P > 0,05 ns 

5 h -3.704 0.2222 P > 0,05 ns 

6 h -3.913 0.2347 P > 0,05 ns 

ZnO NP (4-5 nm) vs ZnO NP (4-5 nm) + DTPA 

Row Factor ZnO NP (4-5 nm) 
ZnO NP (4-5 nm) + 

DTPA 
Difference 95% CI of diff, 

control 100 100 0 -55,38 to 55,38 

1 min 134.3 126.3 -8.048 -63,43 to 47,33 

15 min 132 119.8 -12.27 -67,65 to 43,11 

30 min 132.8 117 -15.85 -71,23 to 39,53 

1 h 127.8 115.1 -12.72 -68,10 to 42,66 

2 h 118.8 106.5 -12.21 -67,59 to 43,18 

3 h 118.1 99.06 -19.03 -74,41 to 36,35 

4 h 112.1 103.8 -8.299 -63,68 to 47,08 

5 h 104 116.3 12.32 -43,06 to 67,70 

6 h 103.5 119.5 15.97 -39,41 to 71,35 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -8.048 0.4827 P > 0,05 ns 

15 min -12.27 0.7359 P > 0,05 ns 

30 min -15.85 0.9505 P > 0,05 ns 

1 h -12.72 0.7629 P > 0,05 ns 

2 h -12.21 0.732 P > 0,05 ns 

3 h -19.03 1.141 P > 0,05 ns 

4 h -8.299 0.4978 P > 0,05 ns 

5 h 12.32 0.7389 P > 0,05 ns 

6 h 15.97 0.9579 P > 0,05 ns 

ZnO NP (4-5 nm) vs ZnCl2 

Row Factor ZnO NP (4-5 nm) ZnCl2 Difference 95% CI of diff, 

control 100 100 0 -55,38 to 55,38 
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1 min 134.3 125.1 -9.189 -64,57 to 46,19 

15 min 132 126.4 -5.612 -60,99 to 49,77 

30 min 132.8 134.9 2.104 -53,28 to 57,49 

1 h 127.8 157.6 29.83 -25,56 to 85,21 

2 h 118.8 184.3 65.59 10,21 to 121,0 

3 h 118.1 186.2 68.07 12,69 to 123,5 

4 h 112.1 192.3 80.16 24,78 to 135,5 

5 h 104 199.6 95.69 40,31 to 151,1 

6 h 103.5 200.2 96.7 41,32 to 152,1 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -9.189 0.5512 P > 0,05 ns 

15 min -5.612 0.3366 P > 0,05 ns 

30 min 2.104 0.1262 P > 0,05 ns 

1 h 29.83 1.789 P > 0,05 ns 

2 h 65.59 3.934 P<0,01 ** 

3 h 68.07 4.083 P<0,001 *** 

4 h 80.16 4.808 P<0,001 *** 

5 h 95.69 5.739 P<0,001 *** 

6 h 96.7 5.8 P<0,001 *** 

 

8.6.3 ZnO NP (15-18 nm) 

Table 38: Time-dependent generation of ROS after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (15-18 nm)  

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 124.00 114.58 111.62 116.73 6.47 

15 min 131.00 124.18 116.67 123.95 7.17 

30 min 136.00 125.55 121.36 127.64 7.54 

1 h 144.00 137.04 122.58 134.54 10.93 



Analysis of ZnO NP as a potential mutagen of respiratory epithelia 

158 

2 h 144.00 156.61 125.34 141.98 15.74 

3 h 149.00 160.45 131.19 146.88 14.75 

4 h 154.00 165.97 130.29 150.09 18.16 

5 h 158.00 177.77 137.50 157.76 20.14 

6 h 160.00 153.89 151.78 155.22 4.27 

 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (15-18 nm) + 5 mM NAC 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 111.00 111.05 109.39 110.48 0.94 

15 min 109.00 119.77 111.82 113.53 5.58 

30 min 107.00 118.32 114.45 113.26 5.75 

1 h 112.00 125.02 114.22 117.08 6.97 

2 h 112.00 125.07 114.71 117.26 6.90 

3 h 112.00 124.95 117.27 118.07 6.51 

4 h 114.00 126.76 115.27 118.68 7.03 

5 h 114.00 119.34 114.81 116.05 2.88 

6 h 112.00 119.35 117.55 116.30 3.83 

 

 
ROS [%] of control 

 
100 µg/mL ZnO NP (15-18 nm) + BSA 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 91.26 122.83 164.07 126.06 36.51 

15 min 94.06 127.09 172.45 131.20 39.36 

30 min 95.44 130.62 177.73 134.60 41.28 

1 h 94.28 129.37 167.20 130.28 36.47 

2 h 91.33 124.57 139.53 118.47 24.67 

3 h 92.04 124.51 134.11 116.89 22.05 

4 h 92.38 116.82 131.19 113.46 19.62 

5 h 92.01 116.61 122.72 110.45 16.26 

6 h 116.49 91.68 121.45 109.87 15.95 
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ROS [%] of control 

 
100 µg/mL ZnO NP (15-18 nm) + 0.06 mM DTPA 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 93.39 97.70 125.92 105.67 17.67 

15 min 97.85 102.49 136.02 112.12 20.82 

30 min 96.88 104.15 144.27 115.10 25.52 

1 h 96.01 101.25 147.04 114.77 28.07 

2 h 93.61 98.03 137.85 109.83 24.36 

3 h 78.64 83.88 137.13 99.88 32.36 

4 h 82.69 86.60 137.35 102.21 30.49 

5 h 83.97 87.14 134.30 101.80 28.18 

6 h 85.50 88.86 133.91 102.75 27.03 

 

Table 39: Statistical analysis of ROS after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

Table Analyzed 

 Two-way ANOVA 

Source of 
Variation 

% of total 

variation 
P value 

 

Interaction 22.86 < 0,0001 

Column Factor 41.91 < 0,0001 

Row Factor 15.46 < 0,0001 

Source of 
Variation 

P value 

summary 
Significant? 

Interaction *** Yes 

Column Factor *** Yes 

Row Factor *** Yes 

Source of 
Variation 

Df Sum-of-squares 
Mean 

square 
F 

Interaction 36 48336 1343 3.212 

Column Factor 4 88637 22159 53.01 
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Row Factor 9 32694 3633 8.69 

Residual 100 41804 418 
 

Number of 
missing values 

0 

Bonferroni 
posttests  

 
100 µg/mLZnO NP (15-18nm) vs ZnO NP (15-18nm) + NAC 

Row Factor ZnO NP (15-18nm) ZnO NP (15-18nm) + NAC Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -9.968 0.5971 P > 0,05 ns 

15 min -13.61 0.8155 P > 0,05 ns 

30 min -25.11 1.504 P > 0,05 ns 

1 h -54.12 3.242 P < 0,05 * 

2 h -72.88 4.366 P<0,001 *** 

3 h -71.37 4.275 P<0,001 *** 

4 h -75.83 4.542 P<0,001 *** 

5 h -85.12 5.099 P<0,001 *** 

6 h -86.41 5.176 P<0,001 *** 

 

 
100 µg/mL ZnO NP (15-18nm) vs ZnO NP (15-18nm) + BSA 

Row Factor ZnO NP (15-18nm) ZnO NP (15-18nm) + BSA Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min 5.61 0.3361 P > 0,05 ns 

15 min 4.059 0.2431 P > 0,05 ns 

30 min -3.769 0.2258 P > 0,05 ns 

1 h -40.92 2.451 P > 0,05 ns 

2 h -71.67 4.293 P<0,001 *** 

3 h -72.55 4.346 P<0,001 *** 

4 h -81.05 4.855 P<0,001 *** 

5 h -90.73 5.435 P<0,001 *** 

6 h -92.84 5.561 P<0,001 *** 
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100 µg/mL ZnO NP (15-18nm) vs ZnO NP (15-18nm) + DTPA 

Row Factor ZnO NP (15-18nm) 
ZnO NP (15-18nm) + 

DTPA 
Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min -14.78 0.8851 P > 0,05 ns 

15 min -15.02 0.8999 P > 0,05 ns 

30 min -23.27 1.394 P > 0,05 ns 

1 h -56.44 3.381 P < 0,05 * 

2 h -80.31 4.811 P<0,001 *** 

3 h -89.56 5.365 P<0,001 *** 

4 h -92.3 5.529 P<0,001 *** 

5 h -99.37 5.952 P<0,001 *** 

6 h -99.96 5.988 P<0,001 *** 

 

 
ZnO NP (15-18nm) vs ZnCl2 

Row Factor ZnO NP (15-18nm) ZnCl2 Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0 0 P > 0,05 ns 

1 min 4.681 0.2804 P > 0,05 ns 

15 min -0.729 0.04367 P > 0,05 ns 

30 min -3.431 0.2055 P > 0,05 ns 

1 h -13.56 0.8122 P > 0,05 ns 

2 h -5.801 0.3475 P > 0,05 ns 

3 h -3.278 0.1964 P > 0,05 ns 

4 h -2.211 0.1325 P > 0,05 ns 

5 h -1.523 0.09125 P > 0,05 ns 

6 h -2.478 0.1484 P > 0,05 ns 

 

8.6.4 ZnCl2 

Table 40: Time-dependent generation of ROS after treatment with ZnCl2 

 
A549 cells 

 
ROS [%] of control 
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100 µg/mL ZnCl2 

 
N=1 N=2 N=3 mean SD 

control 100.00 100.00 100.00 100.00 0.00 

1 min 126.46 129.36 119.56 125.13 5.03 

15 min 128.39 131.42 119.43 126.41 6.23 

30 min 136.71 140.48 127.61 134.93 6.62 

1 h 151.49 159.99 161.46 157.64 5.38 

2 h 175.11 186.65 191.28 184.34 8.33 

3 h 170.05 190.80 197.64 186.16 14.37 

4 h 169.47 199.36 208.06 192.30 20.24 

5 h 176.38 206.59 215.98 199.65 20.69 

6 h 177.41 207.38 215.92 200.24 20.23 

 

8.7 Mitochondrial membrane potential (ΔΨm) 

Spectrofluorimetric measurements of mitochondrial membrane potential after treatment 

with ZnO NP (4-5 nm), ZnO NP (15-18 nm), and ZnCl2 are based on at least 3 

independent experiments. For the statistical analysis a one-way analysis of variance 

(ANOVA) with Bonferroni ́s multiple comparison test was carried out to compare the 

group of ZnO NP (15-18 nm) to the groups of ZnO NP (4-5 nm) and ZnCl2 (* for p<0.05 

is significant, ** for p<0.01 is highly significant, *** for p<0.001 is extremely significant). 

 

Table 41: Measurement of ΔΨm after treatment with ZnO NP (4-5 nm), ZnO NP (15-18 nm) and ZnCl2 

 
A549 cells 

 
ΔΨm [%] of control 

 
100 µg/mL ZnO NP (4-5 nm) 

 
control 5 min 15 min 30 min 1 h 2 h 3 h 4 h 5 h 6 h 

N=1 100.00 96.36 85.38 98.38 77.47 82.44 78.51 72.81 68.84 66.64 

N=2 100.00 173.46 143.69 176.69 116.42 127.10 125.47 118.63 110.00 111.78 

N=3 100.00 70.99 63.98 64.73 59.17 70.47 71.29 69.17 68.90 73.81 

N=4 100.00 83.46 87.04 87.57 86.29 107.50 109.54 103.64 109.66 104.17 

N=5 100.00 76.93 80.81 81.17 80.84 98.56 100.45 92.29 98.05 94.03 

N=6 100.00 102.33 106.48 107.74 108.27 136.07 139.39 132.35 141.22 132.31 
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mean 100.00 100.59 94.56 102.71 88.08 103.69 104.11 98.15 99.45 97.12 

SD 0.00 37.58 27.64 39.12 21.05 25.27 26.37 25.04 27.69 24.43 

 

 
ΔΨm [%] of control 

 
100 µg/mL ZnO NP (15-18 nm) 

 
control 5 min 15 min 30 min 1 h 2 h 3 h 4 h 5 h 6 h 

N=1 100.00 89.43 87.24 84.55 78.23 63.60 49.75 42.62 38.12 33.72 

N=2 100.00 58.85 56.35 55.28 53.04 44.87 35.82 31.07 28.84 25.34 

N=3 100.00 63.96 61.77 61.66 58.01 48.07 39.38 34.77 31.15 28.92 

mean 100.00 70.75 68.45 67.16 63.10 52.18 41.65 36.16 32.70 29.33 

SD 0.00 16.38 16.50 15.39 13.34 10.02 7.24 5.90 4.83 4.21 

 

 
ΔΨm [%] of control 

 
ZnCl2 

 
control 5 min 15 min 30 min 1 h 2 h 3 h 4 h 5 h 6 h 

N=1 100.00 93.29 83.54 98.06 78.40 85.17 79.03 73.86 70.05 69.39 

N=2 100.00 108.18 91.94 118.30 83.37 95.60 96.19 95.08 96.46 101.54 

N=3 100.00 111.01 97.52 101.61 93.54 126.98 126.23 117.97 115.85 117.44 

N=4 100.00 82.88 86.41 86.42 87.47 112.58 117.08 109.23 119.61 113.04 

N=5 100.00 78.72 80.98 81.62 82.05 101.43 104.54 92.99 103.28 98.21 

N=6 100.00 101.03 104.74 105.79 107.15 136.68 142.01 132.85 143.06 135.65 

mean 100.00 95.85 90.85 98.64 88.66 109.74 110.85 103.66 108.05 105.88 

SD 0.00 13.25 9.05 13.31 10.43 19.51 22.42 20.80 24.58 22.27 
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Table 42: Statistical analysis of ΔΨm after treatment with ZnO NP and ZnCl2 

  
 A549 cells     

Table Analyzed          

Two-way ANOVA         

Source of Variation % of total variation P value     

Interaction 12,01 0,0414     

Column Factor 39,15 < 0,0001     

Row Factor 4,70 0,2134     

Source of Variation P value summary Significant?     

Interaction * Yes     

Column Factor *** Yes     

Row Factor ns No     

Source of Variation Df Sum-of-squares Mean square F 

Interaction 18 14227 790,4 1,739 

Column Factor 2 46390 23195 51,04 

Row Factor 9 5567 618,5 1,361 

Residual 120 54538 454,5   

Number of missing values 30       

Bonferroni posttests    

ZnO NP (15-18 nm) vs ZnO NP (4-5 nm)    

Row Factor ZnO NP (15-18 nm) ZnO NP (4-5 nm) Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0,0 0,0 P > 0,05 ns 

1 min 29,84 1,980 P > 0,05 ns 

15 min 26,11 1,732 P > 0,05 ns 

30 min 35,55 2,358 P > 0,05 ns 

1 h 24,98 1,657 P > 0,05 ns 

2 h 51,51 3,417 P<0,01 ** 

3 h 62,46 4,143 P<0,001 *** 

4 h 61,99 4,112 P<0,001 *** 

5 h 66,74 4,427 P<0,001 *** 

6 h 67,80 4,497 P<0,001 *** 

 
 

 ZnO NP (15-18 nm) vs ZnCl2 
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Row Factor ZnO NP (15-18 nm) ZnCl2 Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0,0 0,0 P > 0,05 ns 

1 min 25,10 1,665 P > 0,05 ns 

15 min 22,40 1,486 P > 0,05 ns 

30 min 31,47 2,088 P > 0,05 ns 

1 h 25,57 1,696 P > 0,05 ns 

2 h 57,56 3,818 P<0,01 ** 

3 h 69,20 4,590 P<0,001 *** 

4 h 67,51 4,478 P<0,001 *** 

5 h 75,35 4,998 P<0,001 *** 

6 h 76,55 5,078 P<0,001 *** 

 
 

ZnO NP (4-5 nm) vs ZnCl2 

Row Factor ZnO NP (4-5 nm) ZnCl2 Difference 95% CI of diff, 

Row Factor Difference t P value Summary 

control 0,0 0,0 P > 0,05 ns 

1 min -4,741 0,3852 P > 0,05 ns 

15 min -3,713 0,3016 P > 0,05 ns 

30 min -4,078 0,3314 P > 0,05 ns 

1 h 0,5869 0,04768 P > 0,05 ns 

2 h 6,048 0,4914 P > 0,05 ns 

3 h 6,741 0,5477 P > 0,05 ns 

4 h 5,517 0,4483 P > 0,05 ns 

5 h 8,607 0,6993 P > 0,05 ns 

6 h 8,756 0,7114 P > 0,05 ns 

 

8.8 γH2A.X immunofluorescence Assay 

Immunofluorescences staining with yH2A.X, detecting DNA DSB, after ZnO NP, ZnO 

bulk, ZnCl2, ZnO NP + BSA, ZnO NP + NAC, ZnO NP + DTPA are based on at least 

3 independent experiments. For the statistical analysis the one-way analysis of variance 

(ANOVA) with Bonferroni ́s multiple comparison test or student´s t-test (paired) was 

carried out to compare the groups with the untreated control of each treatment (* for 
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p<0.05 is significant, ** for p<0.01 is highly significant, *** for p<0.001 is extremely 

significant). 

 

8.8.1 Concentration-dependent ZnO NP (4-5 nm) induced DNA DSB  

Table 43: ZnO NP (4-5 nm) induced DNA DSB in A549, HNSCCUM-02T, and NIH/3T3 cells 

  A549 cells HNSCCUM-02T cells NIH/3T3 cells 

  ZnO NP (4-5 nm) ZnO NP (4-5 nm) ZnO NP (4-5 nm) 

  1 min 1 min 1 min 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 551.52 927.27 278.79 100.00 566.18 629.43 352.45 100.00 27.40 51.21 33.77 

N=2 100.00 168.13 50.55 98.35 100.00 63.45 45.46 94.64 100.00 186.87 123.23 257.07 

N=3 100.00 82.91 170.03 94.26 100.00 40.95 15.92 171.57 100.00 178.26 265.22 460.87 

mean 100.00 267.52 382.62 157.13 100.00 223.53 230.27 206.22 100.00 130.84 146.55 250.57 

SD 0.00 249.61 475.45 105.38 0.00 296.96 346.00 132.35 0.00 89.68 108.89 213.62 

 
  ZnO NP (4-5 nm) ZnO NP (4-5 nm) ZnO NP (4-5 nm) 

  15 min 15 min 15 min 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 296.30 192.59 629.63 100.00 21.57 37.25 9.80 100.00 86.80 254.95 150.80 

N=2 100.00 54.60 56.90 198.28 100.00 71.51 126.88 41.94 100.00 143.44 140.86 62.33 

N=3 100.00 184.42 115.58 185.71 100.00 67.07 78.66 45.12 100.00 100.00 171.43 242.86 

mean 100.00 178.44 121.69 337.87 100.00 53.38 80.93 32.29 100.00 110.08 189.08 152.00 

SD 0.00 120.96 68.05 252.75 0.00 27.64 44.86 19.54 0.00 29.63 59.06 90.27 

 
  ZnO NP (4-5 nm) ZnO NP (4-5 nm) ZnO NP (4-5 nm) 

  1 h 1 h 1 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 75.00 111.49 161.49 100.00 58.33 10.98 98.48 100.00 19.37 64.18 223.57 

N=2 100.00 87.83 153.91 103.48 100.00 34.54 60.31 50.26 100.00 349.21 1014.29 609.52 

N=3 100.00 157.89 19.06 103.83 100.00 55.48 29.68 43.23 100.00 458.33 1100.00 416.67 
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mean 100.00 106.91 94.82 122.93 100.00 49.45 33.66 63.99 100.00 275.64 726.15 416.59 

SD 0.00 44.62 68.95 33.39 0.00 13.00 24.90 30.08 0.00 228.54 574.89 192.98 

 
  ZnO NP (4-5 nm) ZnO NP (4-5 nm) ZnO NP (4-5 nm) 

  4 h 4 h 4 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 116.00 52.29 16.00 100.00 40.00 1720.00 3600.00 100.00 44.00 10.00 978.00 

N=2 100.00 30.87 39.37 91.13 100.00 300.00 4000.00 2100.00 100.00 105.75 177.53 338.08 

N=3 100.00 99.06 51.76 32.71 100.00 25.00 225.00 275.00 100.00 51.85 11.11 9381.48 

mean 100.00 81.98 47.81 46.61 100.00 121.67 1981.67 1991.67 100.00 67.20 66.22 3565.85 

SD 0.00 45.06 7.31 39.45 0.00 154.62 1901.05 1665.15 0.00 33.62 96.41 5046.63 

 
  ZnO NP (4-5 nm) ZnO NP (4-5 nm) ZnO NP (4-5 nm) 

  24 h 24 h 24 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 380.00 865.00 dead 100.00 36.11 91.67 dead 100.00 256.41 492.31 dead 

N=2 100.00 108.41 175.91 dead 100.00 100.00 733.33 dead 100.00 149.97 179.40 dead 

N=3 100.00 229.50 210.81 dead 100.00 10.17 64.41 dead 100.00 180.00 360.00 dead 

mean 100.00 239.30 417.24   100.00 48.76 296.47   100.00 195.46 343.90   

SD 0.00 136.06 388.16   0.00 46.23 378.58   0.00 54.88 157.07   

 

Table 44: Statistical analysis of DNA DSB in A549 and HNSCCUM-02T cells 

 
A549 cells HNSCCUM-02T cells 

Table Analyzed ZnO (4-5nm) 4 h 
ZnO NP (4-5nm) 15 

min 

ZnO NP (4-5nm) 1 

h 

ZnO NP (4-5nm) 1 

h 

Column control control control control 

vs vs vs vs vs 

Column 10 µg/mL 100 µg/mL 0,1 µg/mL 10 µg/mL 

Paired t test 
    

P value 0.0064 0.0266 0.0213 0.0439 

P value summary ** * * * 
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Are means signif. different? (P < 
0.05) 

Yes Yes Yes Yes 

One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed 

t, df t=12,40 df=2 t=6,003 df=2 t=6,740 df=2 t=4,614 df=2 

Number of pairs 3 3 3 3 

How big is the difference? 
    

Mean of differences 52.14 67.71 50.55 66.34 

95% confidence interval 34,04 to 70,24 19,17 to 116,3 18,28 to 82,82 4,473 to 128,2 

R square 0.9872 0.9474 0.9578 0.9141 

 

8.8.2 Concentration-dependent induced DNA DSB after ZnO NP 
(15-18 nm) 

Table 45: ZnO NP (15-18 nm) induced DNA DSB in A549, HNSCCUM-02T, and NIH/3T3 cells 

 
A549 cells HNSCCUM-02T cells NIH/3T3 cells 

  ZnO NP (15-18 nm) ZnO NP (15-18 nm) ZnO NP (15-18 nm) 

  1 min 1 min 1 min 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 16.67 4.17 70.83 100.00 100.00 150.00 5850.00 100.00 123.56 123.01 218.08 

N=2 100.00 33.33 11.11 55.56 100.00 1300.00 100.00 2800.00 100.00 279.08 245.85 299.71 

N=3 100.00 135.00 30.00 125.00 100.00 134.29 62.35 121.10 100.00 79.73 90.79 42.38 

mean 100.00 61.67 15.09 83.80 100.00 511.43 104.12 2923.70 100.00 160.79 153.22 186.73 

SD 0.00 64.05 13.37 36.49 0.00 683.14 43.97 2866.45 0.00 104.76 81.82 131.50 

  ZnO NP (15-18 nm) ZnO NP (15-18 nm) ZnO NP (15-18 nm) 

  15 min 15 min 15 min 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 27.59 3.45 727.59 100.00 1350.00 1100.00 100.00 100.00 537.72 711.84 748.68 

N=2 100.00 40.00 40.00 120.00 100.00 46.15 69.23 15.38 100.00 98.28 147.84 205.60 

N=3 100.00 20.00 40.00 500.00 100.00 282.91 165.81 256.41 100.00 124.63 203.98 90.05 

mean 100.00 29.20 27.82 449.20 100.00 559.69 445.01 123.93 100.00 253.54 354.56 348.11 

SD 0.00 10.10 21.10 306.96 0.00 694.59 569.29 122.28 0.00 246.46 310.69 351.68 

  ZnO NP (15-18 nm) ZnO NP (15-18 nm) ZnO NP (15-18 nm) 
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  1 h 1 h 1 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 98.94 190.43 146.81 100.00 20.00 20.00 220.00 100.00 112.80 119.98 82.12 

N=2 100.00 110.28 114.02 106.54 100.00 33.33 100.00 666.67 100.00 157.00 194.36 178.40 

N=3 100.00 135.00 125.00 170.00 100.00 288.00 231.00 227.00 100.00 81.23 90.36 84.36 

mean 100.00 114.74 143.15 141.12 100.00 113.78 117.00 371.22 100.00 117.01 134.90 114.96 

SD 0.00 18.44 41.31 32.11 0.00 151.03 106.52 255.89 0.00 38.06 53.58 54.96 

  ZnO NP (15-18 nm) ZnO NP (15-18 nm) ZnO NP (15-18 nm) 

  4 h 4 h 4 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 33.33 100.00 266.67 100.00 33.33 100.00 266.67 100.00 158.18 70.19 119.08 

N=2 100.00 70.28 81.78 130.37 100.00 184.09 214.20 341.48 100.00 100.16 30.93 53.11 

N=3 100.00 49.86 60.05 63.97 100.00 53.33 107.32 114.31 100.00 136.81 94.94 83.35 

mean 100.00 51.16 80.61 153.67 100.00 90.25 140.51 240.82 100.00 131.72 65.35 85.18 

SD 0.00 18.51 20.00 103.34 0.00 81.88 63.93 115.77 0.00 29.34 32.28 33.02 

  ZnO NP (15-18 nm) ZnO NP (15-18 nm) ZnO NP (15-18 nm) 

  24 h 24 h 24 h 

  
µg/mL 

 
µg/mL 

 
µg/mL 

  control 0.1  10  100  control 0.1  10  100  control 0.1  10  100  

N=1 100.00 25.71 20.00 dead 100.00 700.00 625.00 dead 100.00 128.33 107.43 dead 

N=2 100.00 52.00 16.00 dead 100.00 2300.00 1800.00 dead 100.00 284.77 257.00 dead 

N=3 100.00 58.33 233.33 dead 100.00 72.12 92.31 dead 100.00 82.87 85.40 dead 

mean 100.00 45.35 89.78   100.00 1024.04 839.10   100.00 165.33 149.94   

SD 0.00 17.30 124.34   0.00 1148.75 873.75   0.00 105.91 93.36   
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Table 46: Statistical analysis of DNA DSB in A549 cells 

 
A549 cells 

Table Analyzed ZnO (15-18nm) 15 min ZnO (15-18nm) 24 h 

Column control control 

vs vs vs 

Column 10 µg/ml 10 µg/ml 

Paired t test 
  

P value 0.037 0.0438 

P value summary * * 

Are means signif. different? (P < 0.05) Yes Yes 

One- or two-tailed P value? Two-tailed Two-tailed 

t, df t=5,056 df=2 t=4,621 df=2 

Number of pairs 3 3 

How big is the difference? 
  

Mean of differences 69.81 -149.7 

95% confidence interval 10,39 to 129,2 -289,1 to -10,29 

R square 0.9274 0.9143 

 

8.8.3 Concentration-dependent ZnCl2 induced DNA DSB  

Table 47: DNA DSB in A549 cells induced by ZnCl2 

  A549 cells 

  ZnCl2 

  1 min 

  control 0.1 µg/mL 10 µg/mL 100 µg/mL 

N=1 100 33.33 66.67 66.67 

N=2 100 287.5 1275 387.5 

N=3 100 462.5 625 781.25 

mean 100.00 261.11 655.56 411.81 

SD 0.00 215.80 604.74 357.91 

  ZnCl2 

  15 min 

  control 0.1 µg/mL 10 µg/mL 100 µg/mL 
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N=1 100 200 100 42.86 

N=2 100 20 61.67 55 

N=3 100 229.3 202.55 71.97 

mean 100.00 149.77 121.41 56.61 

SD 0.00 113.33 72.84 14.62 

  ZnCl2 

  1 h 

  control 0.1 µg/mL 10 µg/mL 100 µg/mL 

N=1 100 14.29 42.86 28.57 

N=2 100 4.76 9.52 47.62 

N=3 100 203.3 2.2 28.57 

mean 100.00 74.12 18.19 34.92 

SD 0.00 111.98 21.67 11.00 

  ZnCl2 

  4 h 

  control 0.1 µg/mL 10 µg/mL 100 µg/mL 

N=1 100 100 100 300 

N=2 100 2.63 14.47 48.68 

N=3 100 
   

mean 100.00 51.32 57.24 174.34 

SD 0.00 68.85 60.48 177.71 

  ZnCl2 

  24 h 

  control 0.1 µg/mL 10 µg/mL 100 µg/mL 

N=1 100 700 
 

dead 

N=2 100 8.25 41.75 dead 

N=3 100 80.95 8.1 dead 

mean 100.00 263.07 24.93   

SD 0.00 380.14 23.79   
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Table 48: Statistical analysis of DNA DSB in A549 cells induced by ZnCl2  

 
A549 cells 

Table Analyzed ZnCl2 15 min 

Column control 

vs vs 

Column 100 µg/ml 

  
Paired t test 

 
P value 0.0358 

P value summary * 

Are means signif. different? (P < 0.05) Yes 

One- or two-tailed P value? Two-tailed 

t, df t=5,140 df=2 

Number of pairs 3 

  
How big is the difference? 

 
Mean of differences 43.39 

95% confidence interval 7,065 to 79,72 

R square 0.9296 

 

8.8.4 Time-dependent measurement of ZnO NP (4-5 nm) 

Table 49: Time-dependent induced DNA DSB after treatment with ZnO NP (4-5 nm) 

 
A549 cells 

  ZnO NP (4-5 nm)  

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 282.31 623.82 90.55 161.39 15.91 

N=2 100.00 98.13 197.98 86.76 102.93 91.10 

N=3 100.00 94.30 186.83 21.58 103.84 32.66 

mean 100.00 158.25 336.21 66.30 122.72 46.56 

SD 0.00 107.46 249.14 38.77 33.49 39.47 

 
  ZnO NP (4-5 nm) + NAC 
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100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 23.10 47.93 51.60 20.60 19.76 

N=2 100.00 151.81 40.19 233.38 160.43 81.61 

N=3 100.00 67.90 87.24 163.81 22.69 22.15 

mean 100.00 80.94 58.45 149.60 67.91 41.18 

SD 0.00 65.34 25.23 91.72 80.13 35.04 

 
  ZnO NP (4-5 nm) + DTPA 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 148.77 308.70 332.37 132.69 127.30 

N=2 100.00 43.10 11.41 66.26 45.55 23.17 

N=3 100.00 45.88 58.95 110.69 15.33 14.97 

mean 100.00 38.10 60.43 37.22 13.33 37.73 

SD 0.00 16.76 38.94 20.36 7.43 31.80 

 

8.8.5 Time-dependent measurement of DNA DSB after ZnO NP (4-5 nm) 

Table 50: Time-dependent induced DNA DSB after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

  ZnO NP (15-18 nm)  

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 70.53 730.75 72.42 145.75 266.67 

N=2 100.00 52.29 116.36 92.22 106.42 130.37 

N=3 100.00 121.17 517.61 25.23 168.77 63.97 

mean 100.00 81.33 454.91 63.29 140.31 153.67 

SD 0.00 35.69 311.96 34.42 31.53 103.34 

 
  ZnO NP (15-18 nm) + NAC 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 0.67 132.64 75.49 23.18 19.88 
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N=2 100.00 232.85 261.46 80.71 146.44 158.41 

N=3 100.00 30.34 89.56 20.54 131.87 9.77 

mean 100.00 87.95 161.22 58.91 100.50 62.69 

SD 0.00 126.36 89.44 33.34 67.35 83.05 

 
  ZnO NP (15-18 nm) + DTPA 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 57.39 59.88 58.02 5.35 28.67 

N=2 100.00 27.08 21.76 17.33 20.03 11.44 

N=3 100.00 29.83 99.64 36.30 14.62 73.08 

mean 100.00 38.10 60.43 37.22 13.33 37.73 

SD 0.00 16.76 38.94 20.36 7.43 31.80 

 

Table 51: Statistical analysis of DNA DSB after treatment with ZnO NP (15-18 nm) + DTPA 

 
A549 cells 

 
ZnO NP (15-18 nm) + DTPA 

Table Analyzed 

  

One-way analysis of variance 

P value 0,0121 

 

P value summary * 

Are means signif. different? (P < 0.05) Yes 

Number of groups 6 

F 4,809 

R square 0,6671 

ANOVA Table SS df MS 

 Treatment (between columns) 13139 5 2628 
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Residual (within columns) 6557 12 546,5 

Total 19696 17   

Bonferroni's Multiple Comparison Test Mean Diff, t Significant? P < 0,05? Summary 95% CI of diff 

DTPA vs 1 min 61,90 3,243 No ns 
-7,744 to 

131,5 

DTPA vs 15 min 39,57 2,073 No ns 
-30,07 to 

109,2 

DTPA vs 30 min 62,78 3,289 No ns 
-6,865 to 

132,4 

DTPA vs 1 h 86,67 4,541 Yes * 17,02 to 156,3 

DTPA vs 4 h 62,27 3,262 No ns 
-7,377 to 

131,9 

1 min vs 15 min -22,33 1,170 No ns 
-91,97 to 

47,32 

1 min vs 30 min 0,8787 0,04604 No ns 
-68,77 to 

70,52 

1 min vs 1 h 24,77 1,298 No ns 
-44,88 to 

94,41 

1 min vs 4 h 0,3668 0,01922 No ns 
-69,28 to 

70,01 

15 min vs 30 min 23,21 1,216 No ns 
-46,44 to 

92,85 

15 min vs 1 h 47,09 2,467 No ns 
-22,55 to 

116,7 

15 min vs 4 h 22,69 1,189 No ns 
-46,95 to 

92,34 

30 min vs 1 h 23,89 1,252 No ns 
-45,76 to 

93,53 

30 min vs 4 h -0,5120 0,02682 No ns 
-70,16 to 

69,13 

1 h vs 4 h -24,40 1,278 No ns 
-94,04 to 

45,25 
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8.8.6 Time-dependent measurement of DNA DSB after treatment with BSA 
coated ZnO NP (4-5 nm) 

Table 52: Time-dependent induced DNA DSB after treatment with BSA coated ZnO NP (4-5 nm) 

 
A549 cells 

  ZnO NP (4-5 nm) + BSA [%] 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 82.21 76.08 110.83 79.22 51.91 

N=2 100.00 66.50 216.75 52.29 71.80 44.07 

N=3 100.00 392.53 221.75 398.65 415.52 63.43 

mean 100.00 54.99 76.12 133.93 60.47 49.28 

SD 0.00 22.86 90.56 12.20 9.28 39.84 

 

8.8.7 Time-dependent measurement of DNA DSB after BSA coated 
ZnO NP (15-18 nm) 

Table 53: Time-dependent induced DNA DSB after treatment with BSA coated ZnO NP (15-18 nm) 

 
A549 cells 

  ZnO NP (15-18 nm) + BSA [%] 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 75.82 179.11 144.22 54.58 25.60 

N=2 100.00 30.54 8.93 137.13 55.67 95.27 

N=3 100.00 58.60 40.32 120.45 71.17 26.96 

mean 100.00 54.99 76.12 133.93 60.47 49.28 

SD 0.00 22.86 90.56 12.20 9.28 39.84 
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8.8.8 Time-dependent measurement of DNA DSB after ZnCl2 treatment 

Table 54: Time-dependent induced DNA DSB after treatment with ZnCl2 

 
A549 cells 

  ZnCl2 [%] 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100.00 66.67 42.86 28.57 28.57 300.00 

N=2 100.00 387.50 55.00 100.00 47.62 48.68 

N=3 100.00 781.25 71.97 54.88 28.57 1320.00 

mean 100.00 411.81 56.61 61.15 34.92 556.23 

SD 0.00 357.91 14.62 36.13 11.00 673.28 

 

8.8.9 Time-dependent measurement of DNA DSB after ZnO bulk material 

Table 55: Time-dependent induced DNA DSB after treatment with ZnO bulk material 

 
A549 cells 

  ZnO bulk [%] 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  

N=1 100 18.08 51.75 171.12 74.57 14.83 

N=2 100 64.14 22.31 571.69 262.14 281.66 

N=3 100 154.88 139.02 258.54 180.49 157.32 

mean 100 79.03 71.03 333.78 172.40 151.27 

SD 0 69.61 60.70 210.62 94.05 133.52 

 

8.9 Measurement of pATM level using ELISA  

8.9.1 ZnO NP (15-18 nm) 

Table 56: Measurement of phosphorylated ATM after ZnO NP (15-18 nm) treatment 

  A549 cells 

  100 µg/mL ZnO NP (15-18 nm)  

  pATM [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 
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N=1 100.00 179.00 50.00 132.00 179.00 45.00 

N=2 100.00 61.11 86.58 115.33 145.23 169.71 

N=3 100.00 144.07 117.00 369.49 358.47 375.42 

mean 100.00 128.06 84.53 205.61 227.57 196.71 

SD 0.00 60.55 33.55 142.17 114.62 166.86 

 

8.9.2 ZnCl2 

Table 57: Measurement of phosphorylated ATM after ZnCl2 treatment 

  A549 cells 

  100 µg/mL ZnCl2 

  pATM [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 119.00 101.00 78.00 150.00 63.00 

N=2 100.00 26.80 157.73 37.11 71.13 256.70 

N=3 100.00 131.77 365.73 508.56 86.11 326.85 

mean 100.00 92.52 208.15 207.89 102.41 215.52 

SD 0.00 57.28 139.38 261.19 41.89 136.66 

 

8.10 Western blotting 

8.10.1 Analysis of ATR  

Table 58: Measurement of phosphorylated ATR after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

  100 µg/mL ZnO NP (15-18 nm) 

  pATR referred to ATR and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 94.81 118.13 102.19 95.09 118.80 

N=2 100.00 85.96 90.13 91.14 116.73 107.55 

N=3  100.00 65.32  55.54  16.00 10.7 11.00 

mean 100.00 90.39 104.13 69.78 74.17 79.72 

SD 0.00 6.26 19.80 46.90 56.02 59.26 
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8.10.2 Analysis of Chk1 

Table 59: Measurement of phosphorylated Chk1 after treatment with ZnO NP (15-18 nm) 

  A549 cells 

  100 µg/mL ZnO NP (15-18 nm) 

  pChk1 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 111.34 165.99 92.88 91.11 81.87 

N=2 100.00 84.38 83.26 25.73 20.33 6.41 

N=3 100.00 54.76 56.75 36.15 10.22 97.39 

mean 100.00 83.49 102.00 51.59 40.55 61.89 

SD 0.00 28.30 56.98 36.14 44.07 48.67 

 

8.10.3 Analysis of Chk2, p53 and p21 after ZnO NP (15-18 nm) exposure 

Table 60: Measurement of ATM downstream signaling after treatment with ZnO NP (15-18 nm) 

 
A549 cells 

  100 µg/mL ZnO NP (15-18 nm) 

  pChk2 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 71.87 118.68 127.42 115.25 106.74 

N=2 100.00 113.92 109.04 117.98 116.31 119.83 

N=3 100.00 105.97 151.09 175.31 210.12 294.63 

mean 100.00 97.25 126.27 140.24 147.23 173.73 

SD 0.00 22.34 22.03 30.74 54.47 104.90 

  100 µg/mL ZnO NP (15-18 nm) 

  p53 referred to ß-actin and in [%] of control  

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 98.02 114.01 103.75 110.18 206.82 

N=2 100.00 164.13 146.66 139.00 127.75 105.41 

N=3 100.00 89.91 80.98 84.00 89.05 136.81 

mean 100.00 117.35 113.88 108.92 108.99 149.68 

SD 0.00 40.71 32.84 27.86 19.38 51.92 

  100 µg/mL ZnO NP (15-18 nm) 
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  p21 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 137.59 111.52 180.87 170.44 182.24 

N=2 100.00 85.79 91.18 42.62 134.83 69.65 

N=3 100.00 293.55 317.69 14.86 80.77 137.17 

mean 100.00 172.31 173.46 79.45 128.68 129.69 

SD 0.00 108.14 125.32 88.92 45.15 56.67 

 

8.10.4 Analysis of Chk2, p53 and p21 after ZnCl2 exposure 

Table 61: Measurement of ATM downstream signaling after treatment with ZnCl2 

  A549 cells 

  100 µg/mL ZnCl2 

  pChk2 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 95.86 97.14 89.41 86.04 112.30 

N=2 100.00 77.74 77.97 69.17 70.44 77.78 

N=3 100.00 120.79 164.16 87.28 131.00 260.90 

mean 100.00 98.13 113.09 81.95 95.83 150.33 

SD 0.00 21.61 45.25 11.12 31.44 97.30 

  100 µg/mL ZnCl2 

  p53 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 91.72 105.00 92.90 80.89 138.03 

N=2 100.00 75.67 81.66 74.13 80.23 124.84 

N=3 100.00 54.91 63.57 80.15 58.01 84.32 

mean 100.00 74.10 83.41 82.39 73.04 115.73 

SD 0.00 18.46 20.77 9.58 13.02 27.99 

  100 µg/mL ZnCl2 

  p21 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 140.06 106.53 118.79 136.66 160.79 

N=2 100.00 102.51 98.80 48.14 81.82 64.62 
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N=3 100.00 134.41 67.73 57.77 58.66 257.35 

mean 100.00 125.66 91.02 74.90 92.38 160.92 

SD 0.00 20.25 20.54 38.31 40.06 96.37 

 

8.10.5 Analysis of Chk2, p53 and p21 after ZnO NP (15-18 nm) + NAC 

Table 62: Measurement of ATM downstream signaling after treatment with ZnO NP (15-18 nm) + NAC 

  A549 cells 

  100 µg/mL ZnO NP (15-18 nm) + 5 mM NAC 

  pChk2 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 161.43 142.66 181.62 164.78 238.67 

N=2 100.00 84.95 67.57 97.24 99.85 93.80 

N=3 100.00 153.91 106.01 109.95 96.97 86.51 

mean 100.00 133.43 105.41 129.60 120.53 139.66 

SD 0.00 42.15 37.55 45.49 38.35 85.82 

  100 µg/mL ZnO NP (15-18 nm) + 5 mM NAC 

  p53 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 128.79 251.04 187.75 165.24 250.36 

N=2 100.00 83.13 46.97 83.48 99.98 235.99 

N=3 100.00 104.45 73.68 104.05 173.24 116.03 

mean 100.00 105.46 123.90 125.09 146.15 200.79 

SD 0.00 22.85 110.92 55.23 40.19 73.76 

  100 µg/mL ZnO NP (15-18 nm) + 5 mM NAC 

  p21 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 134.47 70.29 121.28 153.22 200.07 

N=2 100.00 151.29 117.14 124.71 158.40 202.21 

N=3 100.00 126.15 121.61 106.76 95.78 57.37 

mean 100.00 137.30 103.01 117.58 135.80 153.22 

SD 0.00 12.81 28.43 9.53 34.75 83.01 
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8.10.6 Analysis of Chk2, p53 and p21 after ZnO NP (15-18 nm) + DTPA 

Table 63: Measurement of ATM downstream signaling after treatment with ZnO NP 
(15-18 nm) + DTPA 

  A549 cells 

  100 µg/mL ZnO NP (15-18 nm) + 0.06 mM DTPA 

  pChk2 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 84.99 28.55 53.55 17.42 17.91 

N=2 100.00 89.46 58.58 81.38 21.37 87.33 

N=3 100.00 114.06 53.99 34.80 30.13 44.76 

mean 100.00 96.17 47.04 56.58 22.97 50.00 

SD 0.00 15.65 16.18 23.44 6.50 35.01 

  100 µg/mL ZnO NP (15-18 nm) + 0.06 mM DTPA 

  p53 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 46.74 29.28 166.14 101.81 158.54 

N=2 100.00 95.11 100.53 103.91 94.68 101.43 

N=3 100.00 82.62 103.56 112.15 93.62 101.79 

mean 100.00 74.82 77.79 127.40 96.70 120.59 

SD 0.00 25.11 42.04 33.80 4.45 32.87 

  100 µg/mL ZnO NP (15-18 nm) + 0.06 mM DTPA 

  p21 referred to ß-actin and in [%] of control 

  control 1 min 15 min 30 min 1 h 4 h 

N=1 100.00 51.79 85.53 45.21 65.94 77.76 

N=2 100.00 134.14 110.65 125.84 175.32 129.33 

N=3 100.00 20.37 28.42 33.56 82.61 36.43 

mean 100.00 68.77 74.87 68.20 107.96 81.17 

SD 0.00 58.75 42.14 50.25 58.93 46.54 
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Table 64: Statistical Analysis of pChk2 after treatment with ZnO NP (15-18 nm) + DTPA 

 
A549 cells  

 
100 µg/mL ZnO NP (15-18  nm) + DTPA 

Table Analyzed pChk2  pChk2 

Column control control 

vs vs vs 

Column 15 min 1 h 

Paired t test 
  

P value 0.0297 0.0024 

P value summary * ** 

Are means signif. different? (P < 0.05) Yes Yes 

One- or two-tailed P value? Two-tailed Two-tailed 

t, df t=5,672 df=2 t=20,51 df=2 

Number of pairs 3 3 

How big is the difference? 
  

Mean of differences 52.96 77.03 

95% confidence interval 12,78 to 93,14 60,87 to 93,19 

R square 0.9415 0.9953 

 

8.10.7 Analysis of Erk and Akt 

8.10.7.1 pErk after ZnO NP (15-18 nm) 

Table 65: Measurement of pErk after treatment with ZnO NP (15-18 nm) 

  A549 cells 

  pErk referred to ß-actin and in [%] of control 

  control EGF 100 µg/mL ZnO NP (15-18 nm) EGF + 100 µg/mL ZnO NP (15-18 nm) 

N=1 100.00 382.86 718.71 899.47 

N=2 100.00 532.32 643.44 675.64 

N=3 100.00 299.79 538.12 783.11 

mean 100.00 404.99 633.42 786.07 

SD 0.00 117.83 90.71 111.94 
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Table 66: Statistical analysis of Erk after treatment with ZnO NP (15-18 nm) 

A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

 
Table Analyzed pErk  

 

One-way analysis of variance 
 

P value < 0,0001 

P value summary *** 

Are means signif. different? (P < 0.05) Yes 

Number of groups 4 

F 30.85 

R square 0.9204 

ANOVA Table SS df MS 

 

Treatment (between columns) 801723 3 267241 

Residual (within columns) 69290 8 8661 

Total 871013 11 
 

Bonferroni's Multiple Comparison Test 
Mean 

Diff, 
t 

Significant? P < 

0,05? 
Summary 95% CI of diff 

control vs EGF -305 4.014 Yes * 
-569,3 to -

40,64 

control vs ZnO NP (15-18 nm) -533.4 7.02 Yes *** 
-797,8 to -

269,1 

control vs EGF + ZnO NP (15-18 nm) -686.1 9.029 Yes *** 
-950,4 to -

421,7 

EGF vs ZnO NP (15-18 nm) -228.4 3.006 No ns 
-492,8 to 

35,92 

EGF vs EGF + ZnO NP (15-18 nm) -381.1 5.015 Yes ** 
-645,4 to -

116,7 

ZnO NP (15-18 nm) vs EGF + ZnO NP (15-18 
nm) 

-152.7 2.009 No ns 
-417,0 to 

111,7 
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8.10.7.2 pAkt after ZnO NP (15-18 nm) 

Table 67: Measurement of pAkt after treatment with ZnO NP (15-18 nm) 

  A549 cells 

  pAkt referred to ß-actin and in [%] of control 

  control EGF 100 µg/mL ZnO NP (15-18 nm) EGF + 100 µg/mL ZnO NP (15-18 nm) 

N=1 100.00 202.06 1003.62 809.18 

N=2 100.00 463.64 1239.35 1220.51 

N=3 100.00 198.97 972.82 1129.04 

mean 100.00 288.22 1071.93 1052.91 

SD 0.00 151.92 145.81 215.97 

 

Table 68: Statistical analysis of pAkt after treatment with ZnO NP (15-18 nm) 

A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

 
Table Analyzed pAkt  

    
One-way analysis of variance 

 
P value < 0,0001 

 

P value summary *** 

Are means signif. different? (P < 0.05) Yes 

Number of groups 4 

F 33.93 

R square 0.9271 

ANOVA Table SS df MS 

 

Treatment (between columns) 2316000 3 771854 

Residual (within columns) 181970 8 22746 

Total 2498000 11 
 

Bonferroni's Multiple Comparison Test 
Mean 

Diff, 
t 

Significant? P < 

0,05? 
Summary 

95% CI of 

diff 

control vs EGF -188.2 1.528 No ns 
-616,6 to 

240,2 

control vs ZnO NP (15-18 nm) -971.9 7.893 Yes *** 
-1400 to -

543,5 

control vs EGF + ZnO NP (15-18 nm) -952.9 7.738 Yes *** -1381 to -
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524,5 

EGF vs ZnO NP (15-18 nm) -783.7 6.364 Yes ** 
-1212 to -

355,3 

EGF vs EGF + ZnO NP (15-18 nm) -764.7 6.21 Yes ** 
-1193 to -

336,3 

ZnO NP (15-18 nm) vs EGF + ZnO NP (15-18 
nm) 

19.02 0.1545 No ns 
-409,4 to 

447,4 

 

8.10.7.3 pErk after ZnCl2 

Table 69: Measurement of pErk after treatment with ZnCl2 

  A549 cells 

  pERK referred to ß-actin and in [%] of control 

  control EGF 100 µg/mL ZnCl2 EGF + 100 µg/mL ZnCl2 

N=1 100.00 445.63 1491.89 1699.89 

N=2 100.00 1750.10 1742.64 2001.51 

N=3 100.00 554.11 778.87 853.84 

mean 100.00 916.61 1337.80 1518.41 

SD 0.00 723.86 500.02 594.97 

 

8.10.7.4 pAkt after ZnCl2 

Table 70: Measurement of pAkt after treatment with ZnCl2 

  A549 cells 

  pAkt referred to ß-actin and in [%] of control 

  control EGF 100 µg/mL ZnCl2 EGF + 100 µg/mL ZnCl2 

N=1 100.00 668.15 4892.53 6204.97 

N=2 100.00 4332.53 4482.90 5121.63 

N=3 100.00 1084.32 1659.37 1874.24 

mean 100.00 2028.33 3678.27 4400.28 

SD 0.00 2006.31 1760.37 2253.68 
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8.11 FACS analysis of apoptosis and necrosis 

Table 71: Measurement of apoptosis and necrosis after ZnO NP (15-18 nm) treatment 

 
A549 cells 

 
100 µg/mL ZnO NP (15-18 nm) 

 
live in [%] of control 

 
N=1 N=2 N=3 N=4 mean SD 

control 100.00 100.00 100.00 100.00 100.00 0.00 

1 min 101.88 0.00 103.63 114.66 80.04 53.66 

15 min 93.92 108.83 100.85 108.46 103.01 7.09 

30 min 103.21 94.48 107.63 114.78 105.02 8.49 

1 h 96.79 95.11 103.51 113.47 102.22 8.33 

2 h 99.12 108.68 105.93 90.82 101.14 7.96 

3 h 99.78 108.36 99.64 86.05 98.46 9.22 

4 h 91.15 96.69 105.69 91.06 96.15 6.88 

5 h 95.02 105.05 86.92 0.00 71.75 48.40 

6 h 103.65 85.02 97.46 73.42 89.89 13.44 

 
100 µg/mL ZnO NP (15-18 nm) 

 
early apoptosis in [%] of control 

 
N=1 N=2 N=3 N=4 mean SD 

control 100.00 100.00 100.00 100.00 100.00 0.00 

1 min 103.65 0.00 98.68 111.89 78.55 52.65 

15 min 118.73 148.47 101.59 209.43 144.55 47.39 

30 min 0.00 214.54 77.25 0.00 72.95 101.18 

1 h 113.38 179.34 65.08 63.93 105.43 54.39 

2 h 139.90 146.68 55.03 108.20 112.45 41.80 

3 h 0.00 298.47 60.05 198.36 139.22 134.79 

4 h 282.24 727.04 90.74 69.67 292.42 305.12 

5 h 148.66 244.64 328.04 0.00 180.34 140.80 

6 h 0.00 887.76 58.99 183.20 282.49 410.67 

 
100 µg/mL ZnO NP (15-18 nm) 

 
apoptosis in [%] of control 

 
N=1 N=2 N=3 N=4 mean SD 
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control 100.00 100.00 100.00 100.00 100.00 0.00 

1 min 19.13 0.00 94.35 9.03 30.63 43.19 

15 min 196.25 75.11 110.87 32.04 103.57 69.69 

30 min 0.39 101.81 70.00 0.00 43.05 51.16 

1 h 150.69 100.00 87.50 27.08 91.32 50.80 

2 h 89.55 81.45 82.72 184.07 109.45 49.88 

3 h 0.59 62.44 99.13 200.00 90.54 83.54 

4 h 114.40 32.17 83.70 186.73 104.25 64.61 

5 h 147.73 77.38 146.74 304.42 169.07 96.06 

6 h 0.79 37.87 101.41 294.69 108.69 130.78 

 
100 µg/mL ZnO NP (15-18 nm) 

 
necrosis in [%] of control 

 
N=1 N=2 N=3 N=4 mean SD 

control 100.00 100.00 100.00 100.00 100.00 0.00 

1 min 427.42 0.00 37.94 1.63 116.75 207.85 

15 min 41.94 80.47 51.95 9.51 45.96 29.28 

30 min 1072.58 86.60 33.66 139.54 333.10 494.88 

1 h 30.65 99.06 78.21 8.75 54.16 41.67 

2 h 0.00 69.15 55.45 12.93 34.38 33.14 

3 h 1567.74 55.38 123.35 13.69 440.04 753.16 

4 h 0.00 28.96 30.54 32.32 22.96 15.37 

5 h 0.00 64.34 45.14 52.85 40.58 28.18 

6 h 1016.13 28.02 154.09 0.00 299.56 482.39 

 

8.12 Analysis of primary cells of mucosa 

8.12.1 yH2A.X immunofluorescence analysis in primary cells of mucosa 

Table 72: Analysis of DNA DSB in primary cells of mucosa after treatment with ZnO NP (15-18 nm) 

 
Primary cells of Mucosa 

  ZnO NP (15-18 nm) 

 
Foci/cell in [%] of control 

 
100 µg/mL 

  control 1 min 15 min 30 min 1 h 4 h  
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PMT1 100.00 345.66 943.56 132.20 63.74 130.53 N=1 

PMT2 100.00 563.05 153.27 19.66 187.55 86.68 N=1 

PMT3 100.00 181.22 216.16 193.32 218.30 324.13 N=1 

PMT4 100.00 601.56 569.82 277.41 380.95 176.07 N=1 

 

8.12.2 Western blotting of lysates from primary cells of mucosa 

Table 73: Measurment of ATM downstream signaling in primary cells of mucosa  

  Primary cells of mucosa 

  100 µg/mL ZnO NP (15-18 nm) 

  pChk2 referred to ß-actin in [%] of control 

  control 
ZnO NP (15-18 

nm) 
DTPA 

DTPA + ZnO NP (15-18 

nm) 
NAC 

NAC + ZnO NP (15-18 

nm) 

N=1 
100.0

0 
1430.05 

100.0

0 
104.64 

100.0

0 
98.08 

N=2 
100.0

0 
161.59 

100.0

0 
189.54 

100.0

0 
51.63 

N=3 
100.0

0 
1985.13 

100.0

0 
151.24 

100.0

0 
103.99 

N=4 
100.0

0 
201.85 

100.0

0 
168.76 

100.0

0 
52.63 

mean 
100.0

0 
944.66 

100.0

0 
153.54 

100.0

0 
76.58 

SD 0.00 909.79 0.00 36.17 0.00 28.34 

  100 µg/mL ZnO NP (15-18 nm) 

  p21 referred to ß-actin in [%] of control 

  control 
ZnO NP (15-18 

nm) 
DTPA 

DTPA + ZnO NP (15-18 

nm) 
NAC 

NAC + ZnO NP (15-18 

nm) 

N=1 
100.0

0 
202.28 

100.0

0 
98.15 

100.0

0 
132.26 

N=2 
100.0

0 
88.75 

100.0

0 
106.64 

100.0

0 
104.79 

N=3 
100.0

0 
1.44 

100.0

0 
9.81 

100.0

0 
96.36 

N=4 N/A N/A N/A N/A N/A N/A 

mean 
100.0

0 
97.49 

100.0

0 
71.54 

100.0

0 
111.14 
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SD 0.00 100.71 0.00 53.62 0.00 18.77 

  100 µg/mL ZnO NP (15-18 nm) 

  p53 referred to ß-actin in [%] of control 

  control 
ZnO NP (15-18 

nm) 
DTPA 

DTPA + ZnO NP (15-18 

nm) 
NAC 

NAC + ZnO NP (15-18 

nm) 

N=1 
100.0

0 
305.03 

100.0

0 
97.45 

100.0

0 
42.46 

N=2 
100.0

0 
23.10 

100.0

0 
137.07 

100.0

0 
17.83 

N=3 
100.0

0 
231.90 

100.0

0 
183.04 

100.0

0 
422.48 

N=4 
100.0

0 
4.58 

100.0

0 
279.05 

100.0

0 
113.70 

mean 
100.0

0 
141.15 

100.0

0 
174.15 

100.0

0 
149.12 

SD 0.00 150.20 0.00 78.19 0.00 186.72 
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