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 ABSTRACT 

We live in a world of exponential nano ingenuity. Exposure of engineered 

nanoparticles becomes inevitable and thus there is an increasing concern on nanomaterial 

safety and induced toxicity. Owing to small size and high surface area, nanoparticles are 

more penetrable and reactive with biological tissue than their bulk counterparts. Decades of 

research has shown nanotoxicity implements vastly different mechanisms and as such with 

any type of nanomaterial, it is important to understand the course of molecular events 

following their exposure.  

Metal oxide nanoparticles are the largest class of manufactured nanomaterials, owing 

to their wide range of application. The exposure is pronounced at industries and 

manufacturing facilities that discharge waste including aerosolized suspensions. A large part 

of atmospheric presentation as vehicular effluents also adds to environmental pollution.  Such 

a widely encountered exposure can present risk of toxicity. Nanotoxicity from metal oxides 

has been documented to realize alterations in cellular morphology, DNA damage, 

internalization, modulation of protein synthesis and ultimately causes cellular death. 

Although thus far there is no comprehensive study that elucidates molecular mechanisms of 

toxicity induced by metal nano oxides in pulmonary tissue. Especially for alveolar cells that 

are highly susceptible to aerosolized nanoparticles as they form the first line of entry into the 

human body.   

This PhD thesis aimed to understand the mechanism of toxicity induced by metal 

nano oxides on alveolar type II cells. A systematic approach has been carried out with a less 

lethal (TiO2) and a highly lethal (ZnO) metal oxide nanoparticle in understanding the 

differences between cellular responses to their exposure. Alveolar type II cells, A549 cell line 

is outlined for the scope of this thesis, which are widely studied as in vitro models. This study 
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 has discovered some very novel findings in the field of nanotoxicology. These are 

involvement of cellular filopodia, HMGB1, Hsp70, cdc42, EMT and p-eIF2α in increasing 

the dose and time dependent tolerance of cells to nanoparticles. This can be used in the 

future, as crucial targets for designing stress revival strategies and in the discovery of new 

drug leads. Further internalization of nanoparticles is found to be common. While the 

generation of reactive oxygen species is found to be a significant contributor to the 

mechanism of toxicity. A direct proportionality has been discovered which presents an 

opportunity to build mathematical models and aid in accurate predictions. Such an effort led 

to the development of a quantitative structure-activity based relationship that could be used in 

the future to screen many metal oxides for the degree of stress that they might impart on 

meeting biological interfaces. This may alleviate the need for expensive and time-consuming 

processes for screening and lab testing.  

Protein corona is also discovered as an accurate descriptor of metal oxide induced 

stress in alveolar type II cells. This discovery, sheds light on the possible interplay of 

accumulation of nanoparticles on the cell surface to generation of ROS. Further the DLS 

aided estimation of protein corona, is in tandem with the trend in toxicity established. These 

findings put forward a simple DLS estimation of nanoparticle incubated with cell media or a 

ROS assay as screening tests in design of nanoparticles to ensure their safety and efficacy 

while in use. The nature of ensuing cell death that is encountered when cellular stress 

overwhelms the cellular defenses is also proven to be highly dynamic in nature. It is 

experimentally validated and shown to switch between necrosis, apoptosis and autophagy 

depending upon the intensity and time of exposing agent. A detailed model is built to predict 

the mechanism that follows upon cell-nanoparticle interactions. These are attributed to be (i) 

low ROS mediated mitogenic response, (ii) high ROS mediated oxidative stress and (iii) 

overwhelming stress resulting in cell death. 
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 Nanotechnology is an exponentially growing field and nanoparticles (NPs having 

dimensions less than 100nm; Panariti et al., 2012, Teow et al., 2011) with their unique 

physical and chemical properties (Bombin et al., 2015), are increasingly landing wide range 

of applications; such as, fields including biomedical (Saptarshi et al., 2013), electronic, 

industrial, cosmetic (Nel et al., 2006), paints, food additives (Teow et al., 2011) etc. Metal 

oxides particularly, are being developed for diagnostics, electronic sensing and computing. 

They are the largest class of commercially produced nanomaterials (Djurisic et al., 2015). 

Some of the applications also include robust memory devices, robotic navigation, optics, data 

security, solid state switches, low threshold lasers, solar cells, photo voltaic cells, cosmetic 

formulations, bulk fillers, molecular nano electronics and nano motors. The enormous 

flexibility of functionalization and fabrication renders an ever-growing number of tailored 

applications feasible such as targeted gene therapy and improved bioavailability of 

pharmaceutical drugs. Enhanced contrast and sensitivity in Imaging has also added to the 

explosion of global demand for nano-scale ingenuity resulting in the ever-increasing use of 

nano-scale metal oxide particles (Falcaro et al., 2016, Ramos et al., 2017). As such human 

exposure becomes inevitable.  

With the unprecedented human exposure of nanoparticles, risks to human health also 

increase owing to the high penetrating potential and high reactivity of nanoparticles (Yin et 

al., 2015). Nanoparticles are more toxic than fine particles (Horie et al., 2011). Owing to 

differences in properties as compared to their bulk counterparts such as, increased surface 

area per unit volume, electrical conductivity, hardness, enhanced chemical and biological 

activity (Karlsson et al., 2008) etc. Ultra-fine particles (UFPs; nano-scale) can prove to be 

more toxic to human health in the form of environmental and occupational exposure. High 

presence of metal oxide nanoparticles at sites surrounding factories as compared to clean 

areas (Rogaczewska and Matczak, 1984) has been correlated with increase in pulmonary 
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 diseases including exacerbation of bronchial asthma (Weinchenthal et al., 2007). Pulmonary 

toxicity can manifest into emphysema, edema, fibrosis and oxidant injury often involving 

cells localized in the alveolar lining (Castranova et al., 1988).  

The alveolar lining is comprised of two types of cells specific to lungs; type I and II. 

Type I alveolar cells are narrow and elongated cells which make up for 96% of the alveolar 

surface area. These long cells minimize the length between alveolar space and capillaries of 

the lung, hence maximizing exchange of gases. In comparison, alveolar cells; type II are 

round shaped cells comprising only 4% of the epithelial surface area. Although they make up 

60% of alveolar epithelial cells by number (Crapo et al., 1983).  

A major function of type II alveolar cells (type II pneumocytes) is the synthesis and 

secretion of lipoprotein surfactants (Sanders et al., 1975), that deflated the surface energy and 

tension at the liquid-air barrier of the pulmonary alveolus (Pattle et al., 1958, Clements et al., 

1957) realizing enhanced stability, thereby alleviating edema (Clements et al., 1958). 

Alveolar tissue also significantly improves the potential of macrophages in phagocytosing of 

foreign particles including invading bacteria (O’Neill et al., 1984). Surfactants further help 

the pulmonary tissue in protection from inhaled material that may prove noxious (Wallace et 

al., 1985). 

Another crucial function of type II pneumocytes is its capacity for xenobiotic 

processing of external entities including environmental accumulates and drugs (Minchin et 

al., 1983, Bend et al., 1985). Cytochrome P-450-dependent mono-oxygenase set of enzymes 

are a larger route for processing of foreign material in pulmonary tissue. It aids the mono-

oxygenation of a renowned sets of lipophilic material in the presence of NADPH and oxygen 

(Gillette et al., 1972). Jones et al., 1982 also reports that type II cells eliminate large 

quantities of water and sodium through the cytoplasmic membrane and realizes an important 
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 role by maintaining a dry alveolus. Na+ - H+ interchange realizes passive transport of sodium 

from the alveolus to the lateral side utilizing the active Na+- K+ pump (Mason et al., 1982) 

directing the flow of water while keeping the alveoli dry. Ultimately these type II 

pneumocytes de-differentiate into type I alveolar cells proceeding oxidant injury with type II 

increased proliferation and incorporation in thymidine. This resilience of type II cells is due 

to the presence of Na+ Ascorbate co-transport system that aids in the accumulation of 

antioxidant vitamin C in these cells (Castranova et al., 1983).  

Thus, any toxic substance that could alter or deter the potential of type II cells in 

building and releasing surfactants, impair its capacity for xenobiotic metabolism, 

transepithelial sodium transport or Vitamin C accumulation may adversely affect lung 

function (Catranova et al., 1988).  

 

A549 cells as an in vitro model for testing pulmonary toxicity 

There have been multitudes of nano-toxicity studies carried out using A549 cells as an 

in vitro model. A549 cells are a continuous human lung adenocarcinoma epithelial cell line 

initiated in 1973 by D. J. Giard through explant culture of lung carcinomatous tissue from a 

58-year-old Caucasian male. A549 cells can synthesize lecithin with a high percentage of 

desaturated fatty acids utilizing the cytidine diphosphocholine pathway like type II 

pneumocyte (Lieber et al., 1976). Ultrastructural characteristics of A549 cells were like the 

in-situ type II pneumocyte and were unchanged by fatty acid supplementation. The 

morphology, composition and biosynthesis of phosphatidylcholine in A549 cells are 

consistent with that reported for type 2 cells (Nardone et al., 1979). A549 cells are also an 

established model for metabolic and macromolecular processing typical of alveolar type II 

cells (Foster et al., 1998). Therefore, A549 cells is not only an established model to study 
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 alveolar type II cellular responses but their relative ease of culture allows for carrying out 

vast numbers of comparative experiments in a short duration of time. Any promising result 

could certainly be followed by in vivo and animal studies, if necessary, for future 

development of therapeutic strategies. 

Not only does use of a robust model of study aid accuracy of prediction but the 

knowledge of a complete characterisation of nanoparticles along with the processes following 

contact with living systems are crucial in understanding it’s possible toxicological effects 

(Elsaesser et al., 2012). In lieu of this knowledge there have been many reports elucidating 

the mechanism of metal oxide nanoparticle toxicity particularly on lung systems and alveolar 

tissues (Huang et al., 2010). Cytotoxicity is a multi-factorial process. Size and surface area 

are obvious determinants of the level of cytotoxicity (Sahu et al., 2016, Sohaebuddin et al., 

2010). Chemical identity of the metal species in the oxide and its ensuing interactions at the 

cellular level also govern the level of cell death (Ivask et al., 2015, Lu et al., 2015). 

Adsorption ability of the particles themselves greatly affect the viability and proliferation 

especially for exposure to lesser toxic metal oxide nanoparticles (Horie et al., 2009). Cellular 

absorption of ions also seems preferential.  

One report described that although not uniform, distribution of metal ions largely 

localized in perinuclear and cytoplasmic space with the trend of Cu>Zn>Fe>Ni (Lu et al., 

2015). All nanoparticles adsorb proteins they encounter in tissues and fluids at the port of 

entry. The specific features of this adsorption kinetics depend on the surface characteristics of 

particles, including surface chemistry and surface energy, and may be modulated by 

intentional modification or functionalisation of the surfaces (Ito et al., 2005). Djurisic et al., 

2015 broadly describes some of the more widely studied mechanisms of nanoparticle toxicity 

namely, ROS generation, metal ion release, accumulation on cell membrane and 

internalization. The process of toxicity is dynamic, and any statistical models developed to 
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 predict toxicity need to consider the contributions of various mechanisms leading to cell 

death. There is also thus a need for discovery of multi-disciplinary parameters to aid as 

descriptors in effectively understanding the progression of cellular stress. 

Though there are many research reports available for understanding the effects of 

metal oxide nanoparticles on human alveolar cell lines but there is no conglomeration of the 

plethora of interactions following metal oxide nanoparticle exposure on A549 cells. There are 

no standard procedures or recommendations that elucidate experimental conditions and 

attitude to assess nano-toxicity. Further there is redundancy of results through various studies. 

The knowledge of cell-nanoparticle interactions, even those at sub-lethal doses are essential 

in devising novel strategies of stress recovery which could essentially change the fate of cell 

from death to survival. Thus, this review article is built as a sincere effort to summarize 

relevant, comprehensive and up to date information governing the cellular responses to metal 

oxide nanoparticle exposure on A549 cells.  

 

Metal Oxide NPs and regulation of cellular morphology: 

One of the first responses includes a change in cellular morphology. Structural aspects 

of a cell can provide valuable information about the stress it is responding to (Johar et al., 

2017). Small guanosine 5'-triphosphate (GTP)-binding proteins such as Rho A, Rac 1, and 

Cdc42 are critical for triggering actin reorganization and thus modulating cellular 

morphology. Small GTPases (smGTPases) cycle between an active GTP bound state and an 

inactive GDP bound state. They play an important role in the regulation of cellular motility, 

cell structure and adhesion through dynamic cross talk of the actin cytoskeleton (Bishop et 

al., 2000, Sarkar et al., 2007).  
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 Some other documentation of morphology modulations include SiO2 NPs induced 

reduction in cell motility (Gonzalez et al., 2015). The report also showed an increase in 

microtubule dynamics, consistent with reduced levels of MT (microtubule) acetylation. 

Okoturo Evans et al., 2013, further describes structural re-organization and regulation of 

actin cytoskeleton (PHACTR1) upon SiO2 exposure, leading to detrimental changes in cell 

morphology. SiO2 treatment also regulated nuclear morphology (Seagrave et al., 2000).  

TiO2 were abundantly internalized through endocytic pathway though they did not 

induce cytotoxic effects or ultrastructural lesions (Moschini et al., 2013). The same report 

described that CuO NPs induced severe ultrastructural and cell membrane damages. Park S et 

al., 2007 suggests although TiO2 is less cytotoxic than Zn exposure, it caused more 

morphological damage 

 

Metal Oxide NPs and Oxidative Stress: 

Free radicals are generated naturally as by-products of mitochondrial respiration and 

transition metal ion-catalyzed Fenton-type reactions (Vallyathan et al., 1997). Neutrophils 

and macrophages also induce oxidative outburst as a defense mechanism towards 

environmental pollutants, tumor cells, and microbes (Manke et al., 2013). Oxidative stress 

results when generation of Reactive oxygen species (ROS) exceed cell’s anti-oxidant 

capacity (Martindale et al., 2002). ROS elicits a whole array of cellular responses from 

mitogenic proliferation, cell cycle arrest to cell death depending on the level of exposure 

dose.  

Nel et al 2006, describes three tiers to quantitatively describe the level of total 

oxidative stress experienced by a cell. Tier 1 involves expression of anti-oxidant defense 

systems. Tier 2 engages inflammatory responses through cytokines and chemokines. Finally, 
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 Tier 3 is the realization of cytotoxicity. Lloyd 2013, describes how superoxide radical is 

converted to H2O2 catalyzed by superoxide dismutase, which further gets converted to water 

using catalase and glutathione peroxidase. These antioxidant enzymes convert excess ROS 

into less harmful substances. Molecules classified as ‘ROS’ have a single unpaired electron in 

their outer energy orbital or are highly charged species causing alterations in any cellular 

molecules they encounter, thus eventually leading to damage and loss of biological function. 

Nanoparticles can generate ROS upon irradiation or molecular dissociation. Depletion 

of glutathione along with induction of lipid peroxidation, upregulation of catalase and 

superoxide dismutase indicate increase in ROS generation (Boyles et al., 2016).  

Several metal oxide nanoparticles have been reported to generate ROS. NiO 

nanoparticles have been proven to cause oxidative stress (Horie et al., 2011). Also, cellular 

uptake of NiO results in release of nickel ions (Horie et al., 2009). ZrO2 and Fe2O3 also 

induce ROS (Soto et al., 2008). However, Fe2O3 is one of the least lethal nanoparticles, its 

induced ROS is inconsequential compared to that of highly toxic candidates such as CuO 

(Pandey et al., 2016) and ZnO (Lai et al., 2015). CuO NPs induced oxidative stress in a 

concentration dependent manner (Akhtar et al., 2016). It was also supported by glutathione 

depletion and lipid peroxidation. Saptarshi et al., 2015 described that ZnO NPs induced 

upregulation of heme oxygenase 1, a prominent redox stress marker. ZnO NPs also rendered 

a reduction in the expression of superoxide dismutase (SOD), Bcl-2, ATP synthase, and 

Complex IV (Kim et al., 2014), part of cellular anti-oxidant defense mechanisms. HO-1, lipid 

peroxidation and alpha-tocopherol were also induced by ZnO exposure in the pulmonary 

tissue (Akhtar et al., 2012). It was also shown that accumulated ZnO particles in the lung 

continuously released Zn2+ ion, thus increasing oxidative stress with time (Fukui et al., 2012). 

CUR/BSA particles alleviated some cytotoxic effects of CuO exposure indicating its higher 

intracellular accumulation as compared to CuO and thereby suppressing Cu2+ release and 
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 ROS generation (Zhang et al., 2016). Moschini et al., 2013 described that CuO NPs induced 

oxidative stress caused severe mitochondrial, ultrastructural and cell membrane damages. Its 

cellular uptake was mediated by endocytosis in organelles including lysosome, mitochondria 

and nucleus (Wang et al., 2012). Further, mitochondrial depolarization was also observed. 

SnO2 (Tammina et al., 2017) and SiO2 NPs (Berg et al., 2013, Horie et al., 2014, 

Guadagnini et al., 2015) also caused oxidative stress and induced expression of anti-oxidant 

defenses. 

TiO2 induced oxidative stress as per intensity and duration of exposure (Kim et al., 

2010). TiO2 was shown to have abundantly internalized through endocytic pathway though 

they did not induce cytotoxic effects or ultrastructural lesions (Stoccoro et al., 2017). Singh et 

al., 2007 reports uptake of TiO2 as membrane bound aggregates. Despite their aggregation, 

they were capable of oxidant generation. TiO2 NPs are examples of the few low solubility, 

low toxicity inducing particles which can elicit oxidative stress (Monteiller et al., 2007). TiO2 

exposure induced ROS prevented ATP synthesis (Tang et al., 2013) and lipid deformation in 

A549 cells (Kuku et al., 2017).  

Co3O4 is more toxic than TiO2
 (Alinovi et al., 2017). This study suggests that higher 

oxidative stress generated in response to more lethal nanoparticles hampers energy 

homeostasis and impairs the ability to repair the resulting damage, probably preventing 

autophagy. High toxicity NPs cause dysfunction in the autophagic progression 

(Kermanizadeh et al., 2017). The more toxic ZnO exposure also induced both apoptotic and 

autophagic pathway though eventually the formation of autolysosome was blocked. 
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 Cytokine release on Metal oxide NP exposure: 

Cytokines are cell secreted molecules that trigger specific interactions. Cytokines are 

named after their source and function such as lymphokine- cytokines made by lymphocytes, 

monokine- cytokines made by monocytes, chemokine- cytokines with chemotactic activities, 

and interleukin- cytokines made by one leukocyte and acting on other leukocytes. Cytokines 

may act on the cells that secrete them; autocrine action, on nearby cells; paracrine action or in 

some cases on distant cells; endocrine action (Zhang et al., 2007). Pro-inflammatory 

cytokines like IL-1β, IL-6, and TNF-α are produced by macrophages and upregulate 

inflammatory processes in response to physiological injury or pathological stimulus.  

Cytokine release directs cell-cell interaction and therefore understanding the role of 

nanoparticle mediated cytokine responses are emerging as an essential component of 

nanoparticle safety testing. High levels of cytokines are released upon treatment with 

nanoparticles, which is usually associated with stress, toxicity, adverse reactions and low 

therapeutic efficacy; hence, cytokines might be utilized to partially predict the nanoparticle 

immuno-toxicity (Elsabahy et al., 2013). 

Many NP- cell interactions elicit inflammatory responses, indicative of cell stress. 

Some reported studies are listed below. Guadagnini et al., 2015 places SiO2 NPs as a positive 

control for pro-inflammatory responses as compared to PLGA NPs. Particularly, IL-8 release 

was prominent (O-Evans et al., 2013). 

Fe2O3 exposure also resulted in cytokine release such as IL-6 and IL-8 (Boyles et al., 

2016). The same study showed ZrO2 could induce iL-6 release. Stringer et al., 1996, 

demonstrated that TiO2 could not induce IL-8 release in the dose range of 1-6 ng/ml. At non-

lethal doses of La2O3 exposure on A549 cells, the inflammatory effects on bronchoalveolar 

lavage fluid (BAL) resulted in an increased lung weight and severe proteinosis (Lim et al., 
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 2015). ZnO NPs caused upregulation of mRNA for the pro-inflammatory cytokine IL-8 with 

increased release of IL-8 (Saptarshi et al., 2013) at small doses of exposure. Though at 

elevated doses of exposure ZnO causes decreased IL-8 release and mitochondrial membrane 

potential (Vandebriel et al., 2012) along with an elevated Ca2+ concentration. Song J et al., 

2013 further, described an upregulation of IL-1 levels upon ZnO treatment. Further, ZnO NP 

exposure even upregulated pro-inflammatory markers such as IL-8, IL-6 and GM-CSF at Air-

Liquid Interface conditions (Lenz et al., 2013).  

Pro inflammatory immune responses including IL-8 and nuclear factor kappa B 

induction was observed to CuO exposure with the air-liquid interface (ALI) system (Frijns et 

al., 2017). Belts and spherical TiO2 NPs showed release of IL-2, IL-6, IL-8, IL-4, IFN-γ, and 

TNF-α, though cytokine levels settled comparatively early for spheres than belts (M-Reyes et 

al., 2015). Singh et al., 2007 reports internalized TiO2 aggregates being capable of IL-8 

release. TiO2 NPs also elicit IL-6 cytokine release (Ursini et al., 2014) and IL-8 release 

(Wilson et al., 2012). 

 

Metal Oxide NPs induced DNA damage: 

The cell goes through several DNA damaging processes each day due to both 

exogenous and endogenous activities. Endogenous sources include replication errors, DNA 

base mismatches, topoisomerase-DNA complexes, spontaneous base deamination, abasic 

sites, oxidative damage and DNA methylation. Exogenous factors consist of ionizing 

radiation, UV radiation, chemical agents include alkylating agents, aromatic amines, 

polycyclic aromatic hydrocarbon, reactive electrophiles, toxins and environmental stress 

(Chatterjee et al., 2017). 
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 Genome modulation may be reflected in changes of transcription and thus synthesis of 

proteins, this may ultimately render several signaling cascades dysfunctional. If the repair 

mechanisms are not adequately employed before mitosis, the mutations may be carried into 

daughter generations. Depending on the level of DNA damage, cells may become irreversibly 

dormant; senescent or be led into cellular death or turn malignant (Collado et al., 2005, Braig 

et al., 2005). Nanoparticle can cause DNA damage through many processes including ROS 

generation, NP accumulation (E-Said et al., 2014) or even novel routes such as purine 

nucleotide transmission (Bhabra et al., 2009). 

DNA damage such as lesions activate cell cycle check points (Branzei et al., 2008, 

Huang et al., 2006). There are several accounts of metal oxide nanoparticles inducing cell 

cycle arrest. Al2O3 particles cause G2/S phase arrest (Li et al., 2016). Cytotoxicity induced by 

ZnO NPs includes cell cycle arrest among other factors such as ROS generation, 

mitochondrial dysfunction, glucose metabolism perturbation and cellular apoptosis (Lai et al., 

2015). Also, substantial reduction of cytokinesis-block proliferation index (CBPI) was found 

for ZnO nm, while TiO2 NP exhibited no toxicity in the same assay (Corradi et al., 2012).  

CuO NP exposure resulted in cell cycle arrest and downregulation of proliferating cell 

nuclear antigen (PCNA), cell division control 2 (CDC2), cyclin B1 (CCNB1), target protein 

for Xklp2 (TPX2), and aurora kinase A (AURKA) and B (AURKB) (Hanagata et al., 2011). 

Further, Cell death at sub lethal concentration was avoided through the induced expression of 

nuclear receptors NR4A1 and NR4A3 growth arrest and DNA damage-inducible 45 β and γ 

(GADD45B and GADD45G, respectively).  

A 2D gel proteomics analysis describes TiO2 NP exposure as affecting gene products 

involved in, gene expression, proteasome activity, mitochondrial function, trafficking, 

glucose metabolism and DNA damage response (Armand et al., 2016). Cell proliferation and 
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 cell cycle progression is impeded by activating p53 pathway. An enhanced chaperone 

expression hint at homeostasis re-arrangement. TiO2 NPs induce an increase in micronucleus 

frequency, attributed to ROS generation. This is also accompanied by an upregulation of 

ATM, p53, and CdC-2 and downregulation of ATR, H2AX, and Cyclin B1 hinting at DNA 

double strand breaks. This can be ultimately associated with cell cycle arrest in G2/M phase 

(Kansara et al., 2015). TiO2 NPs induced G2/M arrest along with proliferation inhibition and 

disruption of mitochondrial membrane occurs at elevated doses of exposure until 200 

microgram/ml (Wang et al., 2015). 

One account of metal oxide NPs induced disruption of DNA repair pathway is the 

genotoxicity induced by TiO2. It is documented to impair DNA repair mechanisms such as 

base excision repair (BER) and nucleotide excision repair (NER). Increased methylation of 

DNA repair gene promoters and downregulation of NRF2 and BRCA1 is described further 

(B-Clier et al., 2017). Oxidative stress raised by TiO2 NP exposure can also act as a 

transducer to activate genotoxic effects through activating HSP27 and SAPK/JNK (H-Roy et 

al., 2016). 

SiO2 NPs were also shown to increase DNA strand breaks even in non-cytotoxic 

concentrations of up to 300 microgram/ml (Maser et al., 2015). Both CuO and ZnO NPs 

affected viability and caused DNA damage (Karlsson et al., 2008). TiO2 both rutile and 

anatase forms caused DNA damage, however viability remained unaffected. Fe2O3 NP 

exposure neither resulted in DNA damage nor loss of cellular viability for the dose ranges 

evaluated.  

TiO2 and CeO2 though slightly cytotoxic were capable of inducing DNA damage 

(Yamani et al., 2017). The same study showed ZnO affected cell survival and aided DNA 

damage greatly. Intrinsic oxidant release is not proportional with DNA damage (Thongkam et 



 

2
2

 al., 2016). It followed that despite ZnO being highly cytotoxic than TiO2, both had DNA 

damaging potential. ZnO NPs cause DNA double strand breaks which increased with 

increasing ROS levels, although, Zn2+ could also cause these DNA damages without the 

involvement of ROS (Heim et al., 2015).  

CuO particles are highly lethal causing more DNA damage than ZnO, TiO2, Fe2O3 

and Fe3O4
 (Karlsson et al., 2008). Semisch A et al., 2014 claimed CuO caused a decrease in 

the colony forming units, induced DNA strand breaks. Cell death was in parts due to 

apoptosis, as evidenced by subdiploid DNA and translocation of the apoptosis inducing factor 

(AIF) into the cell nucleus. TiO2 were abundantly internalized through endocytic pathway 

though they did not induce cytotoxic effects through ultrastructural lesions (Moschini et al., 

2013).  

TiO2 is both cytotoxic and genotoxic at elevated doses of exposure (Stoccoro et al., 

2017). Also, presence of citrate enhances this effect by causing epigenotoxic effect evidenced 

by reduction in LINE-1 methylation levels. Alinovi et al., 2017 suggested that TiO2 exposure 

caused autophagy with down regulation of miRNA-21 and miRNA-30a.  

CeO2 NPs are slightly toxic and have no long-term effects on colony forming 

efficiencies. Though they are genotoxic like the cytotoxic ZnO NPs (Yamani et al., 2017).  

Long-time exposure to TiO2 NPs induces DNA damage and increased 53BP1 foci 

counts associated with intracellular NP accumulation (Armand et al., 2016). Though viability 

isn’t that affected, chronic exposure beyond two months enables cells to cope the stress by 

decreasing proliferation, stabilization of accumulated NPs and sensitization to MMS (Methyl 

methane sulfonate).  
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 Internalization as a mechanism for toxicity 

TEM (Transmission Electron Microscopy) evidenced internalization of NPs was 

shown for CuO, ZnO, Sb2O3, Co3O4, Mn3O4, MgO, Al2O3, Fe3O4, SiO2, TiO2, WO3
 (Ivask et 

al., 2015), SiO2 up to 400nm were also shown to be internalized by another study (Mohamed 

et al., 2011). Stringer et al., 1996 successfully demonstrated internalization of TiO2 and 

Fe2O3. Internalization of Bi2O3 was studied by Abudayyak et al., 2017. CuO NP was 

discovered to be accumulated in both cytoplasmic and nuclear fractions (Akhtar et al., 2016). 

The first report of TiO2 internalization was that of nuclear presence from Ahlinder et al., 

2013.  

 

Modulation of protein synthesis 

Proteins are important biological macromolecules and the regulation of protein 

synthesis is a crucial cellular process for maintenance of homeostasis in an organism. 

Therefore, the impact of nanoparticles in living organisms at the protein level is a critical 

parameter that should necessitate attention from researchers. Unfortunately, there are very 

few reports that are available on the effect of metal oxide nanoparticles on translation 

regulation in eukaryotes. One report elucidates SiO2 NP modulated expression of 

mitochondrial uncoupling proteins (UCP2), Calpain12 and HSP90 (O-Evans et al., 2013).  

Reports also suggest that SiO2 NPs elevated aquaporin concentrations transiently (Hao 

et al., 2016). Matrix metalloproteinases such as MMP1, MMP9 and MMP-10 were also 

activated by SiO2 exposure (Horie et al., 2014). CoO and CeO2 exposure encoded markers 

involved in immune processes (Verstraelen et al., 2014). V2O3 reduced protein levels while 

detrimentally affecting viability (W-Knirsch et al., 2007). CuO exposure also upregulated 

Hsp70 along with Rad51, MSH2 (Ahamed et al., 2010).  
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 Metal oxide nanoparticle induced cell death 

Cell death is the ultimate cellular response mounted as an irreversible consequence of 

unmanageable cellular stress. There are several well studied routes of death, these notably 

include; Autophagy, Apoptosis and Necrosis. Types of Autophagy include macro, micro and 

chaperone-mediated autophagy, all of which promote self-degeneration to maintain energy 

homeostasis in the cell (Glick et al., 2010). Apoptosis is an organized, ATP dependent cell 

death involving formation of apoptotic bodies while Necrosis involves cell swelling and 

membrane disruption, cytoplasm release and inflammation and is ATP-independent (Elmore 

2007). Yet another type of cell death is recently defined; Necroptosis. An energy dependent 

and orchestrated version leading to cellular outburst (Vandenabeele et al 2010). Though there 

are no studies that have conclusively implied it, because of metal oxide nanoparticle exposure 

on A549 cells. 

Some accounts of Me-Ox (metal oxide) nanoparticle mediated cell death is 

enumerated. CuO NPs have been shown to induce autophagic pathway (Sun et al., 2012). 

Mohamed et al., 2011 showed SiO2 induced ATF2 nuclear translocation, which was 

dependent on phosphorylation of p39 and JNK1/2. SiO2 NPs of about 30nm effect 

inflammatory processes inducing apoptotic pathway evidenced by up-regulation of ATM, 

TNFα and IL1b (Fede et al., 2014). Bi2O3 exposure resulted in Necrosis (Abudayyak et al., 

2017). ZnO induces cell cycle arrest progressing into apoptosis (Lai et al., 2015). The 

apoptotic pathway mediated by ZnO exposure is cascaded through ROS generation and p53 

upregulation. Bax/bcl2, Caspase 3 and 9 were also induced in a dose dependent manner 

(Akhtar et al., 2012). Autophagy was associated with CuO induced cell death (Cronholm et 

al., 2013) evidenced by an elevation of LC3-II autophagic biomarker (Sun et al., 2012). There 

was also an upregulation of p38 and p53 (Wang et al., 2012). 
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 Other accounts of cellular damage: 

Loss of Membrane integrity, organelle damage and regression in proliferative and 

migrative capability are some of the other instances of metal oxide nanoparticle induced 

stress. Though not well studied, some results are discussed herein. ZnO affected cell 

proliferation, viability, membrane integrity, colony formation (Kim et al., 2010). Zn2+ caused 

deglycosylation of Lamp1 and Lamp2 (Qin et al., 2017), glucose metabolism perturbation 

(Lai et al., 2015) along with mitochondrial and lysosomal damage. There was also an 

increase in caspase 1 activity and LDH release. Within 15 minutes of ZnO treatment, ion 

channel inhibition was documented by Yang X et al., 2012. SiO2 caused LDH release 

evidencing membrane damage (Horie et al., 2014). Cr2O3 showed haemolytic activity 

(Hedberg et al., 2010). CuO also resulted in mitochondrial damage (Karlsson et al., 2009). 

CuO exposure also regulated pathways modulating hypertonic stress (Boyles et al., 2016). 

TiO2 perturbed endoplasmic reticulum and induced p53 (Alinovi et al., 2017). Further, TiO2 

and CeO2 affected colony forming efficiencies, though this was not a long-term consequence 

(Yamani et al., 2017). From the reports reviewed in this article, we could predict a trend in 

toxicity realized by various metal oxide nanoparticles on A549 cells.  
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 Table 1 – Trend of metal oxide nanoparticle induced toxicity on A549 cells  

 Source Article Trend (~ suggestive of comparable toxicity)  

 Kim I S et al., 2010 ZnO>Al2O3, CeO2, TiO2  

 Ivask A et al., 2015 CuO>ZnO>Sb2O3>Co3O4>Mn3O4>Al2O3, Fe3O4, MgO, 

TiO2, WO3 

 

 Sun T et al., 2012 CuO>SiO2>TiO2>Fe2O3  

 Lai X et al., 2015 ZnO> Fe2O3  

 Titma et al., 2016 CuO>ZnO, Co3O4>Sb2O3, Mn3O4, TiO2  

 Alinovi R et al., 2017 Co3O4> TiO2  

 Ivask A et al., 2015 CuO>ZnO>Co3O4>Al2O3~TiO2~Fe2O3  

    

As per Table 1, the trend in toxicity among the most studied and utilized, metal oxide 

nanoparticles on A549 cells could be summarized as: 

CuO>ZnO>Co3O4~Sb2O3>Mn3O4>Al2O3>TiO2>Fe2O3.   

During the phase of exposure, nanoparticles adsorb protein along the nasal septa, 

respiratory trachea and alveolus. Essentially protein adsorbed on to nanoparticle, called 

protein corona dictates cell-nanoparticle interactions (Saptarshi et al., 2013). 

It was noted that, contribution to toxicity by metal ions were consistently insignificant 

to the overall level of toxic stress generated. This discourages metal ion release as a 

significant player in metal oxide nanoparticle induced toxicity on A549 cells.  
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 Internalization of metal oxide nanoparticles was universally documented with all 

metal oxide nanoparticle exposure on A549 cells. Though the degree of uptake and 

dissolution thereafter, both might play a role in dictating the level of toxicity (Vandebriel et 

al., 2012).  

The fourth well studied mechanism of nanoparticle toxicity as per Djurisic et al., 2015 

is accumulation of nanoparticle on membrane surface, on which there aren’t any reports thus 

far, so whether this mechanism contributes in realizing the stress is unclear.  

There are reports of autophagic death, apoptosis and necrosis owing to metal oxide 

nanoparticle exposure across the spectrum of less lethal to most lethal nanoparticles. No 

pattern to predicting the route of cell death has been discovered yet. Cellular stress is a highly 

multi factorial process. Dose and time dependent results vary as per experimental designs, 

though the trend of toxicity remains constant (Loret et al., 2016). Cellular responses of A549 

cells to metal oxide nanoparticle exposure include cytokine release, cytoskeletal re-

organization inducing changes in morphology, DNA damage and modulation in protein 

expression. Loss of membrane integrity, organelle damage and impairment in both 

proliferation and cellular metabolism were also documented. However, these changes aren’t 

common throughout the range of exposure from less lethal to highly lethal nanoparticles. As 

such further research is necessitated to explore these paradigms and predict any inherent 

patterns in designing better therapeutic solutions to stress recovery. This will also help in 

building ingenious and efficient management systems for a wide range of applications. 

Many quantitative structure-activity relationship (QSAR) models have already been 

developed that can extrapolate experimental toxicity data of few candidates to accurately 

predict effects of most metal oxide nanoparticles based on their similar molecular descriptors 

(Leszczynski, 2010 and Puzyn et al., 2011). Puzyn et al., 2011 investigated toxicity conferred 
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 by metal nano-oxides on E.coli and developed a QSAR mathematical model to predict the 

toxicity as a function of bond dissociation energy of the chemical species in the 

nanoparticles. Though there are no parameters discovered to explain the mechanism of metal 

oxide nanoparticle induced stress in alveolar type II cells. Also, because mechanisms in play 

with this kind of toxicity has not yet been characterized.  
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 GAPS IN EXISTING RESEARCH 

 

With the broad literature survey, several gaps in research were identified in the study 

of metal oxide nanoparticle induced stress in A549 cells. Some of them were put forward as 

the PhD thesis objectives. These were the documentation of: 

 

1. Changes in cellular morphology through regulation of Small GTPases. 

2. Effect of metal oxide nanoparticles on protein synthesis machinery. 

3. Effect of metal oxide nanoparticles on cell cycle regulation. 

4. Discovery of descriptors to metal oxide nanoparticle induced stress 

 

Changes in cellular morphology as a function of Small GTPase modulation on metal 

oxide nanoparticle toxicity has not been documented. Nanoparticle exposure could be 

examined for specific patterns of gene expression. Particularly Rac1, RhoA and Cdc42 

modulation in response to stress may give insights to changes in morphology, as their 

expression is well studied to cause signatory changes to the cell structure. 

There are no reports available about involvement of metal oxide nanoparticles in the 

regulation of protein synthesis. A common cellular response to stress; translational regulation 

of protein synthesis including inhibition of protein synthesis may provide ample opportunities 

for the cell to conserve resources and trigger efforts of cellular repair and revival.  

There are several reports on how nanoparticles interact with cells and what kind of 

stress results out of this interaction (ROS). But what follows this interaction; the cellular 
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 response to tackle this stress is poorly understood including signal cascades leading to 

alteration in chaperone expression, possibility of EMT transitions and Cell cycle modulation. 

Further, the mechanism of metal oxide nanoparticle induced stress in type II alveolar 

cells has not yet been well characterized. Following these gaps, I have also tried to address; 

discovery of descriptors to this stress. An attempt of quantification of any relevant descriptors 

discovered could be developed into predictive tools such as a quantitative structure activity 

relationship-based models. 
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CHAPTER 1 

 

Differences and Similarities in cellular responses of A549 cells to ZnO and 

TiO2 nanoparticle exposure 
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 1.1 Introduction: 

A thorough understanding of the biological mechanisms of toxicity enables testing 

available whilst also designing novel therapeutic agents in future to alleviate effects of nano-

toxicity towards stress recovery. To understand these differences in cellular responses of 

A549 cells between less lethal and highly lethal metal oxide nanoparticles, we have chosen 

two candidate metal oxide nanoparticles of different toxicities to alveolar A549 cells. These 

are ZnO and TiO2, ZnO being more lethal than TiO2 (Ivask A et al., 2015, Titma et al., 

2016).  

Well characterized and commercial NPs were chosen for this study; Sigma Aldrich 

ZnO (a heterogenous mixture of 35nm to 100nm) with molecular weight of 81.3814 gmol-1 

and TiO2 (Hombikat make- 18nm) with molecular weight of 79.88 gmol-1 to model the 

commercially used NPs and industrially discharged UFPs of similar size ranges.  

Assays were planned and executed towards establishing and analysing the differences 

in cellular responses to ZnO and TiO2 treatment. Viability was foremost monitored; total and 

mitochondrial dysfunction related, by trypan blue dye exclusion method using a neubauer’s 

hemocytometer (Narayana et al 2002) and resazurin reduction assay respectively (Dukie et 

al., 2005, Santimano et al 2013). Changes in cell and nuclear morphology as a dose and time 

dependent function of nanoparticle exposure was also documented.  

Changes in the cellular morphology reflect the stability of the cell since they play an 

important role in many cellular processes such as migration, differentiation, apoptosis, 

necrosis and senescence. Thus, characterizing the morphological state of cells is vital to 

diagnosis of stress. It may even be developed into a signatory pattern for different kinds of 

stress.  
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 A prominent and accepted method of characterizing the morphological state is 

through studying the expression of Small GTPases that regulate cytoskeletal organization 

(Guo et al., 2009), primarily its Rho family members; Rac, Rho and cdc42 (Stankiewicz and 

Linseman, 2014). These proteins cycle between an inactive (GDP-bound) and an active 

(GTP-bound) conformation in which they interact with specific effector proteins (Royal et 

al., 2000, Figure 1). Activation of Rho promotes the formation of stress fibers and focal 

adhesion complexes (Ridley and Hall, 1992), Rac promotes the polymerization of actin at the 

cell membrane, producing lamellipodia and membrane ruffles (Ridley et al, 1992) and cdc42 

promotes the formation of filopodia and microspikes at the cell periphery (Kozma et al., 

1996, Nobes and Hall, 1995, Figure 2). Thus, expression of Rho family of Small GTPases 

such as Rac1, RhoA and cdc42 were evaluated both at mRNA and protein level to assess any 

differences in morphology attributed by changes in their expression.  

 

Figure 1 – GTP / GDP cycling towards switching of activity with small GTPases 

 

Referred from Etienne-Manneville et al., 2002; Depicted herein, a candidate of the small 

GTPase family; Rho GTPases. There are 20 Rho family proteins described in mammals. Like 
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 other small GTPases, they cycle between an active and inactive form. The active form is 

bound to Guanosine triphosphate (GTP) while the inactive form is bound to Guanosine 

diphosphate (GDP). About 60 GEFs (Guanine nucleotide exchange factors) enable exchange 

of GDP with GTP. Further 70 GAPs (GTPase activating proteins) drive hydrolysis of GTP to 

GDP.  

 

Figure 2 – Over activation of Rho GTPase members induces changes to actin and adhesion 

complexes  

 

Referred from Hall 1998; Cytoskeletal re-organization are modulated by Cdc42, Rac and 

Rho. Swiss 3T3 fibroblasts are serum deprived and each of the prominent Rho family 

members are over activated to assess their effect individually. (A) stained for actin filaments 

and (B) stained for adhesion complexes containing vinculin in quiescent control cells. (C) and 

(D) document increase in stress fibres and focal adhesion complexes in response to over 

activation of Rho. Rac injected, expresses lamellipodia (E) and associated adhesion 
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 complexes (F). Improving activation for cdc42 enhances filopodia (G) and associated 

adhesion complexes (H). Scale: 1 cm = 25 μm.  

Protein damage is often a significant manifestation of stress including cases of nano-

toxicity (Martin and Sarkar, 2017), although there aren’t many scientific reports available in 

this field. Thus, it was crucial to examine how MeOx NPs affect protein expression, 

particularly the protein synthesis machinery related to stress response. Therefore, expression 

of eIF2α and its phosphorylated form along with chaperone Hsp70 was evaluated. 

The eukaryotic initiation factor (eIF2) is a well-known translation factor, and its 

phosphorylated form is associated with global inhibition of protein synthesis, one of the first 

events to occur during, ‘Integrated Stress responses’. eIF2 is a multimeric protein consisting 

of 3 subunits; α, β and γ. Their sequences are greatly conserved across several species 

indicating possible roles crucial to cellular viability (Kimball et al., 1999). The eIF2α 

phosphorylation at ser51 is also a highly sustained and adaptive response that can cause down 

regulation of translation initiation under several types of stresses and regulate gene 

expression. It also routes in unfolded protein responses through PERK; PKR like 

endoplasmic reticulum kinase (Sidrauski et al., 2013). Human eIF2α accepts phosphate 

groups from kinases PKR (Double stranded RNA activated protein kinase); activated in 

response to viral infection (Schmedt et al., 1995) and interferons in mammalian cells (Meurs 

et al., 1990). Also, the expression of HRI (Heme regulated inhibitor of translation); activated 

in response to heme deprivation, heavy metals (Chen and London, 1995, Sarkar et al., 2005) 

and GCN2 in response to nutrient deprivation (Hinnebusch, 1994) results in phosphorylation 

of eIF2α at residue 51-serine. Phosphorylation of eIF2α was hence studied as a dose and time 

dependent function of MeOx NP toxicity to quantify the level of, ‘Integrated stress response’ 

(Figure 3). 
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 Figure 3 – Cross talk between ISR and UPR 

 

Referred from McMahon et al., 2017; Sensors within the unfolded protein response cascade 

are present along the endoplasmic reticulum (ER) membrane. These are inositol-requiring 

enzyme1 (IRE1; green), activating transcription factor 6 (ATF6; red) and protein kinase R-

like ER kinase (PERK; blue). Their respective cytoplasmic domains activate transcription 

factors and regulate gene expression. These are XBP1s (X-box-binding protein-1s), NRF2 

(nuclear factor, erythroid 2-like 2 transcription factor), CHOP (C/EBP homologous protein), 

ATF4 and ATF6. The Integrated stress response (ISR) merges with the UPR cascade at the 

PERK sensor (Protein kinase R like endoplasmic reticulum kinase). Like its counterpart HRI 

(Heme regulated eIF2α kinase), PKR (Protein kinase R) and GCN2 (General control non-

repressible 2 protein kinase); PERK phosphorylates ser 51 in eIF2α causing inhibition of 

global protein synthesis.  

As ER stress increases with increased accumulation of unfolded proteins, 

transcription factors ATF6, XBP1, ATF4 and ATF 5 are sequentially activated. This is 

triggered by GRP78/Bip (78KDa glucose regulated protein or binding Immunoglobulin 
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 protein) dissociation from the ER domains of ATF6, IRE-1 and PERK respectively, 

activating them in the process (McMahon et al., 2017). GRP78 or Hsp70 is a stress related 

chaperone which is crucial for activation of all ER transmembrane signaling molecules 

(Wang et al., 2009) and may also be expressed while eIF2α stays phosphorylated through 

activation (Kepp et al., 2015). Thus, studying the expression of Hsp 70 enables analysis of 

the degree of unfolded protein response triggered to MeOx NP toxicity. To better understand 

such cellular responses, Hsp70 expression is evaluated at the protein level, for both ZnO and 

TiO2 exposure on A549 cells.  

Finally, expression of NFκB1 transcript is checked as a cellular response to metal 

oxide nanoparticle exposure. The NFκB protein is a transcription factor that is activated by 

several stress conditions to translocate into the nucleus and regulate specific gene expression. 

They relay signaling cascades to appropriately respond to foreign particles, radiation, 

cytokine release and chemical radicals in the form of growth, differentiation and cell death 

(Morgan and Liu, 2011). NFκB proteins are thus crucial to inflammatory and immunity 

processes (Hayden and Ghosh, 2008, Vallabhapurapu et al., 2009).  
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 1.2 Methods: 

 

1.2.1 Materials 

Common laboratory reagents were acquired from Himedia (India) and Sigma, Aldrich 

(USA), antibodies were procured from Cell Signaling (USA), Biolegend (USA) and Abcam 

(USA). Human A549 cells were obtained from National Centre for Cell Sciences, India. 

Characterized nanoparticles were obtained through Sigma, Aldrich (USA). Plastic ware used 

for cell culture were secured from ‘Corning’. 

 

1.2.2 Cell Culture 

A549 cells were cultured in vitro and maintained in DMEM supplemented with 10% 

FBS (37oC with 5% CO2). For all experiments, cells were charged with nanoparticles at 80% 

confluence, unless otherwise mentioned. 

  

1.2.3 Charging of Nanoparticles 

ZnO and TiO2 NPs were dispensed in a stock concentration of 1 mg/ml (12.2mM ZnO 

and 12.5mM TiO2). The doses of charge chosen were; control (0 µg/ml = 0 mM), 12.5 µg/ml 

(~0.15mM), 25 µg/ml (~ 0.31 mM), 50 µg/ml (~ 0.62 mM), 100 µg/ml (~ 1.24 mM) and 200 

µg/ml (~ 2.48 mM) for ZnO and TiO2 NPs. Doses were chosen based on our viability assays 

(Santimano et al., 2013) along a range commonly observed at industrial sites (Rogaczewska 

and Matczak, 1984). Our dose range of investigations allows evaluation of crucial biological 

differences in cellular responses to sub-lethal concentrations of nanoparticles. Stocks were 

prepared in DMEM aseptically and charged for experiments in the chosen doses after 
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 thorough vortex to avoid aggregation and to ensure exposure to nano-scale particles. Serum 

was added separately to ensure a consistent 10% concentration throughout various 

experiments. 

  

1.2.4 Study of Cellular Viability 

A549 cells were exposed to different concentration of NPs (0.15, 0.31, 0.62, 1.24 and 

2.48mM) for 24h, 48h and 72h. Cell growth and proliferation was monitored by determining 

the cell number using neubauers-hemocytometer following trypan blue dye exclusion test 

(Strober 2015). 

 

1.2.5 Mitochondrial activity Assay 

Viability was investigated using resazurin as per Santimano et al., 2013. 2.5 x 104 

cells were added per well in a 24 well plate. This was done to ensure resolution along the 

range of doses tested. Post 24 hours of seeding, fresh media was added, maintaining 10% 

serum to better dispense nanoparticles away from aggregation. Nanoparticles were added 

after thorough vortex from the least concentrated stock to maintain a minimum aggregation at 

charging, this method was developed by us for proper dispersion of NPs at the time of 

charging to mimic the dispersion typical of aerosolized NPs. The design is detailed in Table 

2. Resazurin was added in a working concentration of 440µM. After 4 hours of incubation at 

37°C, positive difference (absolute value) in absorbance at wavelength of 580 nm and 615 

nm for each well compared to control (+) were documented and percentage conversion of 

resazurin to resorufin was calculated and described as a degree of toxicity. The observation 

correlating to absence of reduction was procured by calculating OD580–OD615 of (-) control. 

Dose which realized to 50% cellular death was assigned LD50. 
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 1.2.6 Cell Morphology Documentation 

Cells charged with nanoparticles were incubated for time periods of 24 and 48 hours 

respectively. Dose points of metal oxide nanoparticles evaluated were; 0.15, 0.31, 0.62, 1.24 

and 2.48- mM. Cells of the monolayer were washed with sterile phosphate buffered saline 

and fixed with 3.7% formaldehyde for 2 minutes. This was followed by permeabilization 

with 100% ice cold methanol and staining with Hoechst (Hoechst 33342, thermos fischer) for 

15 minutes. Fluorescent pictures of nuclei were captured by an inverted microscope to aid 

visualization of nucleus. A DAPI filer was used that allowed for illumination of light around 

340-380nm and emission around 465nm.  

 

1.2.7 Small GTPase expression study at mRNA level 

Cellular RNA was secluded by TRIzol reagent (Invitrogen, Carlsbad, CA, USA), as 

per the brochure instructions. The extracted cellular RNA was reverse transcribed into cDNA 

utilizing the Bioline cDNA synthesis kit. Specific targets on cDNA were amplified using 

polymerase chain reaction. The primer sequences utilized for polymerase chain reaction were 

as follows: cdc42- 5’-gcccgtgacctgaaggctgtca-3’ (sense); 5’-tgcttttagtatgatgccgacacca-3’ 

(anti-sense), Rac1- 5’-ggagaatatatccctactgtc-3’ (sense); 5’-cttcttctccttcagtttct-3’ (anti-sense), 

RhoA- 5’-cccagataccgatgttatac-3’(sense); 5’-aacctctctcactccatctt-3’ (anti-sense) and GAPDH- 

5’-agaacatcatccctgcctctac-3’ (sense); 5’-ctgttgaagtcagaggagacca-3’ (anti-sense). The 

conditions for polymerase chain reactions set were as described: initial denaturation- 2 min at 

97°C and 35 cycles. Cycling parameters comprised denaturation of 1 min at 94°C. This was 

proceeded by annealing at 57°C for 1min 30 seconds for GAPDH, 68°C for CDC42, 50°C for 

Rac1 and 53°C for RhoA. Extension was levied for 1 min at 70 °C, with an ultimate 

extension time of 5 minutes at 70 °C. Amplified targets were separated on 1.2% agarose gel 
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 electrophoresis. BioRad documentation followed and analysis was carried out by Image J. 

The intensity of each target amplicon was normalized to expression of the internal control; 

GAPDH. 

 

1.2.8 Small GTPase expression study at protein level 

After cell lysate (40 µg) was resolved by 12% SDS-PAGE the western blot was 

carried out as per Sarkar et al., 2007. In brief, the PVDF membranes were washed with tris-

buffered saline followed by blocking with 5% non-fat dried milk or 3% BSA as was suited. 

The membranes were incubated at 4˚C overnight with primary target specific antibodies for 

cdc42 (Cell Signaling- 1:500), Rac1 (Cell Signaling- 1:750), RhoA (Cell Signaling- 1:750) 

and β-Actin (Sigma- 1:2000). The membranes were then incubated with secondary antibodies 

coupled to horseradish peroxidase for optimised time periods at room temperature. The 

membranes were washed in combinations of TBS and TBST at room temperature. 

Immunoreactivities were detected by ECL reagents (Amersham GE Healthcare). Expression 

of target proteins was normalized to β- Actin. 

 

1.2.9 Analysis of phosphorylation status of eIF2α and Hsp70 

Protocol followed was as section 1.2.8. Primary antibodies used were β-Actin (Sigma- 

1:2000), Hsp70 (Sigma Aldrich- 1:4000), eIF2α (Cell Signaling- 1:2000) and Phospho-eIF2α 

(Cell Signaling- 1:1000). 

 

1.2.10 Studying the expression of NFκB1 transcript 
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  Protocol followed was as section 1.2.7. The primers used for NFκB1 amplification 

were 5’-tctgttttgcacctagc-3’ (sense); 5’-ccaggtcatagagaggc-3’ (anti-sense). Annealing 

temperature was optimized to be 51ºC.  
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 1.3 Results 

All expression studies have basal level or control expression of target assigned at 100%.  

Expression analysis was performed by ImageJ, NIH. Where ever required, pictures were post 

processed for background reduction and contrast enhancement using PhotoScape, MOOII 

TECH, Korea. Standard deviation from 3 independent experiments have been annotated. All 

gel images photographed document the best representative in a set of 3 independent 

experiments.  P values are calculated, to assess statistical validity by regression data analysis, 

Microsoft. P value ratings are set as; significant (*) for 0.01≤p<0.05, very significant (**) for 

0.001≤p<0.01 and extremely significant (***) for p<0.001. 

 

1.3.1 The Trypan blue dye exclusion test  

The viability varied as a dose and time dependent manner (Figure. 4). ZnO exposed 

cells documented a percentage viability of 73, 48, 38, 17 and 5 for respective doses (in mM) 

of 0.15, 0.31, 0.62, 1.24 and 2.48 at 24 hours of incubation. At 48 hours, the viability 

percentages dropped to 26, 21, 13, 10 and 0 respectively. Cells recovered slightly at 72 hours 

until an exposure dose of 0.62mM, while at higher doses the cell death increased. Viability 

data at 72 hours for doses (in mM); 0.15, 0.31, 0.62, 1.24 and 2.48 were 62, 36, 24, 0.2 and 

0% respectively.  

A similar pattern of viability response is seen in cells exposed to TiO2 but with less 

cell death. At 24 hours of incubation, for doses (in mM) 0.15, 0.31, 0.62, 1.24 and 2.48 the 

viability percentages were 99.6, 92, 64, 24 and 7. The cell death dropped with further 

incubation up to 48 hours with percentage viability documented at 57, 26.2, 16, 14.3 and 8 

correspondingly. Again, cell recovery was seen with further incubation at 72 hours for doses 
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 up till 0.62mM. Viability percentages at 72 hours registered at 63, 53, 46, 15 and 6 for the 

evaluated set of doses. 

 

Figure 4 - Viability assay by trypan blue dye exclusion method 

 

Unstained cells counted by Neubauer’s haemocytometer and plotted as a function of dose and 

incubation time to TiO2 and ZnO NP treatment. P values are as follows; ZnO 24h- 0.002953 

(**), TiO2 24h- 0.000267 (***), ZnO 48h- 0.05 (*), TiO2 48h- 0.023576 (*), ZnO 72h- 

0.013468 (*) and TiO2 72h- 0.002275 (**). 

 

1.3.2 Resazurin Reduction assay was performed at 24 hours to assay for 

mitochondrial damage.  

The resazurin reduction percentage (Fig. 5 A) for ZnO at doses (in mM) 0, 0.15, 0.31, 

0.62, 1.24, 2.48, 4.96, 9.92, 19.84, 39.68 and 79.36 (I to XI) were 79.7, 79.1, 73.2, 71.8, 67.8, 
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 60.2, 43.9, 6, 1.9 and 0 respectively. Corresponding values for TiO2 exposure were 87.3, 

87.3, 85.5, 82.1, 74.4, 73.8, 70.7, 67.4, 55.3 and 8.5. LD50 for ZnO exposure was 2.26 mM 

while for TiO2 was 44.15 mM. Resazurin plate as in Fig. 5 B, shows increasing doses (I to XI 

and negative control) of ZnO resulting in less resorufin production as compared to TiO2. 

 

Figure 5 A - Assessment of mitochondrial dysfunction 

 

Percentage resazurin reduction is plotted against dose of exposure for TiO2 and ZnO NP 

treatment. Resazurin reduction value of the untreated control is considered as a positive 

control with 100% reduction. P values are as follows; ZnO 24h- 0.002026 (**), TiO2 24h- 

0.0000022 (***) 
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 Figure 5B - Plate picture for resazurin reduction assay 

 

Resazurin reduction in experimental wells are photographed for various doses from 0 - 79.36 

mM of MeOx NP exposure and negative control (No NPs and No cells seeded; 0% reduction) 

and are designated I-XII. With increase in dose, percentage reduction of resazurin (purple) to 

resorufin (pink) drops drastically for ZnO as compared to TiO2 NPs.  

 

1.3.3 Morphological Documentation  

Photographing of Hoechst stained cells was carried out utilizing an inverted 

microscope. Following nanoparticle exposure at various dose and time intervals, the cell 

morphology was documented and analysed (Fig. 6 A). Hoechst staining showed enlargement 

of nucleus (such as in i’, n’, o’, p’, q’ and u’ shown by orange arrows) and necrotic like cells 

more than apoptotic like cells with increasing exposure to ZnO NPs. In comparison, response 

to TiO2 NPs showed a reduction in cell number only after exposure to 50 µg/ml (0.62 mM) 
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 TiO2. Necrotic like cells (indicated by arrows; d, e, f, k, l, r and x) were seen starting from 

200µg/ml (2.48 mM) for TiO2 NP exposure and from 50µg/ml (0.62 mM) for ZnO. Few 

apoptotic like bodies were documented in cells exposed to ZnO NPs (represented by yellow 

arrows in h’, j’, e’ and f’). Nuclei characterized by increased fluorescence were commonly 

seen in cells exposed to ZnO NPs starting from 1.24mM (as depicted by red arrows in k’ and 

l’). Spherical morphology was seen in some TiO2 exposed cells (blue arrows in t and u). 

Filopodial spikes were seen more in response to TiO2 treatment than to ZnO (highlighted by 

blue diamond arrows in c, e and g for ZnO treated samples and n, o, p, q, s, t, u, v, w and x in 

TiO2 exposed cells).  

Fig. 6 B demonstrates the differences in morphological changes of a single cell 

following ZnO and TiO2 exposure at 24 hours. The panel for ZnO is published in Santimano 

et al., 2013. Morphological alterations for ZnO from 24 hours to 72 hours follows a dose 

dependent pattern. At 0.15mM of exposure, stress fibres are visible in a cell enlarged as 

compared to the control (Fig. 6 B a), upon 0.31mM (Fig. 6 B b) of treatment cells appear 

more flattened. Further stress up till 0.62 mM (Fig. 6 B c) is presented with spicules and 

vacuole like granules that seem to fill the cytoplasmic periphery. In the case of morphological 

response to TiO2 NPs, Fig. 6 B d-f, we find increased number of elongated cell protoplasm as 

indicated by the arrows. These extensions are most likely filopodial spikes.  
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 Figure 6 A - Dose and time dependent morphological documentation of MeOx NP treatment 

 

Inverted microscope pictures (a,b etc.) are laid adjacent to fluorescent hoechst pictures (a’, b’ 

etc.) of the same field. With increase in dose, pronounced cell death and loss of monolayer is 

evident for ZnO while, increased cell extensions for TiO2 NP treatment. Scale bar: 40µm. 

Arrows indicate specific morphological changes as discussed in the result section 1.3.3. 
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 Figure 6 B - Dose dependent morphological documentation of a single cell to MeOx NP 

treatment 

 

Changes in cell structure to MeOx NP treatment, for 24 hours at dose points of 0.15-0.62 mM 

is photographed using an inverted microscope and compared to the untreated control. Scale 

bar: 20 µm. Arrows indicate specific morphological changes as discussed in the result section 

1.3.3. 
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 1.3.4 RT PCR analysis of Small GTPase expression.  

RT PCR profile is documented for Rho family GTPases (Fig. 7 A); Rac1, RhoA and 

cdc42 in response to ZnO and TiO2 exposure Doses A, B and C correspond to 0.15mM, 

0.31mM and 0.62mM. cdc42 increases at 0 up to a dose of 0.62-mM at 24 hours and 

decreases from 0.15 to 0.62-mM at 48 hours for both TiO2 and ZnO exposure. Our 

experimental evaluation records an average of 10-20% more expression of cdc42 with TiO2 

NPs exposure as compared to ZnO.  

Rac1 increases at exposure from 0.15 to 0.62-mM for both 24 hours and 48 hours to 

ZnO and TiO2 exposure. At 48 hours, Rac1 shows 30-40% more expression at the mRNA 

level in TiO2 treated cells against ZnO NPs.  

RhoA also increases as per exposing intensity and time of exposure in response to 

both ZnO and TiO2. Although at 0.62mM for 48 hours it begins to reduce for ZnO. RhoA 

expression to TiO2 stays elevated around 60% more than control from doses 0.15 – 0.62mM. 

Densitometric analysis of the same was carried out by ImageJ, NIH and represented in Fig. 7 

B. 
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 Figure 7 A - Small GTPase expression at mRNA level by RT PCR. 

 

24 hours expression at mRNA level of Small GTPase members; cdc42, Rac1 and RhoA in a 

dose dependent manner are recorded by photographing with a Gel Documentation set up. 

Doses: A-0.15, B-0.31 and C- 0.62 mM. 

 

Figure 7 B - Statistical analysis of Small GTPase expression at mRNA level by ImageJ, NIH. 
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 Expression profile is plotted for cdc42, Rac1 and RhoA, relative to the internal control 

GAPDH in response to MeOx NP treatment. P values are ZnO 24h; Rac1- 0.03 (*), Cdc42- 

0.0025 (**), RhoA- 0.026 (*), ZnO48h; Rac1- 0.0045 (**), Cdc42- 0.04 (*), RhoA- 0.0032 

(**), TiO2 24h; Rac1- 0.0085 (**), Cdc42- 0.0241 (*), RhoA- 0.02 (*), TiO2 48h; Rac1- 

0.0031 (**), Cdc42- 0.025 (*), RhoA- 0.0018 (**). 

 

1.3.5 Western Blot analysis of Small GTPase expression.  

Small GTPase expression at the protein level was investigated and revealed the 

following details (Fig. 8 A). cdc42 increases up to the evaluated dose of 0.62mM for TiO2 

while it down regulates for ZnO at 24h. At the highest dose evaluated; 0.62 mM, cdc42 

expression increased 60% of control in TiO2 exposed cells, while decreased 40% to ZnO 

treatment.  

Rac1 remains increased in expression from 0.15 to 0.62-mM in response TiO2 while, 

ZnO exposed cells see upregulation till 0.31mM and the expression is downregulated 

thereafter at 0.62mM. Highest expression was noted at 0.62mM for TiO2 with 100% more 

than control, while the peak for ZnO was observed at 0.31mM at 50% more than untreated 

samples.  

RhoA on the other hand does not show any drastic increase in expression pattern, 

although the up regulation is seen more pronounced in TiO2 exposure than ZnO. Highest 

expression of RhoA was seen at 0.31mM in cases of both ZnO and TiO2 treatment, again 

TiO2 dictated 10% more expression than ZnO treated samples. Densitometric analysis 

calculated by ImageJ, NIH, is presented in Fig. 8 B.  
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 Figure 8 A - Small GTPase expression at protein level by western blot analysis. 

 

 

24 hours expression pattern at the protein level, of Small GTPase members; cdc42, Rac1 and 

RhoA is recorded in a dose dependent manner. 

 

Figure 8 B - Statistical Analysis of Small GTPase expression at protein level by ImageJ, 

NIH. 

 

Expression profile is plotted for cdc42, Rac1 and RhoA, relative to the internal control β-

Actin in response to MeOx NP treatment. P values are, ZnO 24h; cdc42- 0.003 (**), Rac1- 
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 0.0034 (**), RhoA- 0.037 (*), TiO2 24h; cdc42- 0.0048 (**), Rac1- 0.0007 (***), RhoA- 

0.028 (*). 

 

1.3.6 Western Blot analysis of phosphorylation status of eIF2α.  

Phosphorylation status of eIF2α was documented to study global inhibition of protein 

synthesis as a stress response to MeOx NP toxicity by western blot (Fig. 9 A). Phospho-

eIF2α expression increased up to the evaluated 0.62mM for both ZnO and TiO2 expression at 

24 hours. With further incubation, up till 48 hours however, p-eIF2α levels dropped in case of 

ZnO exposure but stayed elevated in response to TiO2 exposure. Densitometric analysis by 

ImageJ, NIH is given in Fig. 9 B. 

 

Figure 9 A - Evaluation of the phosphorylation status of eIF2α by western blot analysis 

 

Dose and time dependent analysis of the phosphorylation status of eIF2α was carried out as 

documented.   
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 Figure 9 B - Statistical Analysis of the phosphorylation of eIF2α by ImageJ, NIH 

 

Expression profile of p-eIF2α is plotted, after normalizing with the internal control; the total 

eIF2α following MeOx NP treatment. P values are, ZnO 24h- 0.0032 (**), ZnO 48h- 0.021 

(*), TiO2 24h- 0.0054 (**), TiO2 48h- 0.0028 (**). 

 

1.3.7 Protein level analysis of Hsp70 expression in response to MeOx nano-toxicity. 

Chaperone Hsp70 expression was documented to nanoparticle exposure at 24 hours 

and 48 hours as a dose dependent function (Figure 10 A). With TiO2 exposure at 24 hours, 

Hsp70 expression upregulated with increase in dose up till the documented dose of 0.62mM 

at 3 times the control expression. Further incubation of 48 hours also showed an increase in 

Hsp70 expression with increase in dose, though maxima reached among the documented 

doses was at 0.62mM with 1.96 times control expression.  

However, ZnO treatment for 24 hours reached maxima at 2.44% of control at 

0.15mM. There after further increase in dose, observed a decrease in Hsp70 expression. 

Increased incubation of 48 hours documented downregulation of Hsp70 with expression 



 

5
6

 percentage at 100, 73, 64 and 50.5 for doses 0, 0.15, 0.31 and 0.62mM respectively. 

Densitometric analysis by ImageJ, NIH is plotted in Figure 10 B. 

 

Figure 10 A - Analysis of the Hsp70 expression at the protein level by western blot analysis. 

 

Dose and Time dependent expression of Hsp 70 was recorded as shown. 

 

Figure 10 B - Statistical Analysis of Hsp70 expression by ImageJ, NIH. 
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 Dose and time dependent expression of Hsp70 is plotted, after normalizing with the internal 

control; β-Actin in response to MeOx treatment. P values are TiO2 24h- 0.037 (*), TiO2 48h- 

0.016 (*), ZnO 24h- 0.0288 (*), ZnO 48h- 0.039 (*) 

 

1.3.8 mRNA level analysis of NFκB1 as a response to MeOx nano-toxicity 

NFκB1 transcript expression was documented at 24h as a dose dependent function of 

ZnO and TiO2 nanoparticle exposure (Fig. 11 A). Figure 11 B gives the densitometric 

analysis of this evaluation.  Average NFκB1 transcript expression increases on exposure to 

ZnO nanoparticles and peaks at 0.31mM with an expression to GAPDH of 152.15%, when 

the basal level expression is considered as 100% expression. Thereafter with further increase 

in exposing dose, tested up till a dose of 2.48mM, the expression drops to 127.51%, but stays 

above the basal control expression. 

In case of TiO2 treatment, average expression of NFκB1 transcript drops to 91% at 

0.15mM. At 0.31mM, it raises slightly to 93.12mM. With further increase in dose to 

0.62mM, the expression sharply peaks at 159.73%. With successive exposure to higher doses, 

the amount of NFκB1 transcript drops to 130.34% at 1.24mM and 111.11% at 2.48mM.  

 

Figure 11A- Analysis of NFκB1 expression at mRNA level by RT PCR 
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 24h documentation of NFκB1 transcript expression to ZnO and TiO2 nanoparticle exposure. 

All doses are in units mM.  

 

Figure 11B- Densitometric analysis of NFκB1 transcript expression 

 

Dose dependent expression of NFκB1 is plotted, after normalizing with the internal control; 

GAPDH in response to MeOx treatment. P values are TiO2 24h- 0.0025 (**) and ZnO 24h- 

0.00034 (***) 
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 1.4 Discussion 

We selected two candidate nanoparticles of varying toxicities; ZnO and TiO2, to draw 

out any differences in cellular responses of A549 cells to their exposure.  

A similar total viability response was observed of decrease in viability with increase of 

exposing dose. However, as expected ZnO was more lethal than TiO2. With increased 

incubation periods, viability improves in case of both TiO2 and ZnO exposure, especially at 

72 hours. This might be because cells in question are alveolar type II cells (A549 cells) which 

are known to display higher tolerance to stress (Ravindran et al., 2017).  

Resazurin reduction assay was performed to understand the metabolic activity and 

mitochondrial health of cells exposed to metal oxide nanoparticles. ZnO did confer higher 

lethality over TiO2, with LD50 value of 2.26mM as against 44.15mM for the latter. Also, 

resazurin reduction values were significantly higher than total viability values, for respective 

doses evaluated, suggesting mitochondrial dysfunction may not be the only cause of death.  

Morphological documentation reveals less budding typical of apoptosis and more cells 

with ruptured plasma membrane with increase in exposure, especially for ZnO treatment. 

This allied with analysis from trypan blue dye exclusion test and resazurin reduction assay 

suggest a majorly necrotic mode of death.   

We had explored the phosphorylation status of eIF2α to understand if this well-studied 

stress response is also an occurrence in nanoparticle mediated toxicity. A continued 

phosphorylation of eIF2α, particularly at 48 hours in response to TiO2 as compared to ZnO 

nanoparticles was observed. Global inhibition of protein synthesis is a consequence of 

phosphorylation of eIF2α and it marks the onset of integrated stress responses. This could be 

an adaptive response by providing the cell with an opportunity to limit deleterious effects of 

noxious agents and help conserve resources.  
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 Further, expression studies for Hsp70 revealed TiO2 treatment enables its upregulation 

more than ZnO NPs. Since Hsp70 is known to aid stress recovery (Sheikh and Fornace, 1999) 

and TiO2 exposure results in a significant tolerance over ZnO NPs, it could be deduced that 

TiO2 subjection realizes more of the unfolded protein response. Over expression of the heat 

shock protein, Hsp70, is known to reverse misfolded proteins including cytoplasmic 

aggregations such as the stress granules (Kedersha and Anderson, 2002). This in tandem with 

our morphological documentation studies; ZnO NP treatment does result in granular 

accumulation (Fig 6 B c) within cells not seen in TiO2 treated cells. 

Another crucial assessment from the Hsp70 expression analysis is that though ZnO 

shows markedly less Hsp70 upregulation than TiO2, however it stays elevated up till 0.15mM 

for 24 hours. Thereafter, with increased incubation to 48 hours, Hsp70 expression gets 

downregulated. TiO2 exposure is documented for Hsp70 upregulation for 24 and 48 hours up 

till the evaluated dose point of 0.62mM. This presents that both ZnO and TiO2 NP exposure 

have some amount of protein misfolding as a cellular response. As amplification of Hsp70 

precedes repair of misfolded protein conformers (Mayer and Bukao, 2005). Hsp70 is capable 

of binding to the hydrophobic domain of their misfolded substrate and aid repair by 

stabilizing against aggregating denaturation (Evans et al, 2010). There are many forms of 

protein misfolding such as improper degradation, localization errors, dominant negative 

mutations and gain of toxic function (Valastyan and Lindquist 2014). Irrespective of the 

route, misfolded proteins often exacerbate the generation of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) resulting in oxidative stress (Gregersen and Bross 2010).  

Oxidative stress has already been documented in nano toxicity induced by ZnO and TiO2 

(Dubey et al., 2015). Our studies are in tandem with this research and indicate that oxidative 

stress could well be a significant contributing factor to the mechanism of toxicity induced by 

MeOx NPs. 
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 The phosphorylation of eIF2α is also a translational regulation event (Baird et al., 2014), 

which may account for the differences in expression profiles of small GTPases between the 

mRNA and the protein level.  

mRNA level expression of small GTPase for both ZnO (Santimano et al., 2013) and 

TiO2 exposure follow a similar pattern; upregulation of RhoA and Rac1 while a spiked 

expression for cdc42. This pattern varies however between ZnO and TiO2 exposure at the 

protein level. With cdc42 upregulating up to 60% more than control at 0.62mM in case of 

TiO2 and downregulating to 40% of control expression at the same dose for ZnO. This can 

directly be co-related to the increased filopodial phenotypic expression to TiO2 not observed 

with ZnO exposure. Moreover, models of study in vitro, present a zone of stress in toxicity 

studies (Soldatow et al., 2013). It is thus probable that expression of more filopodial 

extensions in response to TiO2 treatment may help cells become more migratory in nature and 

escape the zone of stress. Thereby, making them tolerant to higher doses of nanoparticle 

exposure. 

Analysis of NFκB1 transcript expression for both ZnO and TiO2 nanoparticle exposure, 

reveals presence of inflammatory cellular response evidenced by a transient upregulation of 

NFκB1 (Lawrence 2009). ZnO exposure upregulates NFκB1 at a lower dose exposure as 

compared to TiO2 treatment, suggesting a higher degree of cellular stress particularly ER 

stress (Tam et al., 2012), in case of ZnO nanoparticle subjection.  
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Chapter 2 

 

Degree of migration between ZnO and TiO2 NP treated cells. 
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 2.1 Introduction 

Cellular migration broadly connotes to movement of cell from one location to another 

in two-dimensional space. Cellular migration is one of the cellular responses in A549 cells to 

TiO2 over ZnO NP exposure. It is executed by a polarized cell morphology that enables 

protrusion over a trailing end. Potency for integrin associated attachment to basal lamina is 

also vital. Together the contraction and release of cytoskeletal structures enable cell 

movement (Petrie et al., 2009).  

Triggers for migration activate crucial cell surface receptors and induce 

morphological changes. Cellular movement necessitates the orchestrated set of events 

highlighted by restructuring of the actin cytoskeleton, thereby, enabling tightening of cell 

cortex, re-assembly of focal adhesion points, ultimately forming a leading edge. Novel focal 

contacts further contract the cell cortex driving the cell forward in the direction of migration. 

The cycle continues until cell reaches the chemokine source and the high local concentration 

ceases the gradient, also arresting the movement with it (DeFea, 2013).  

Cell migration (Figure 1) is ordained by a series of signal transduction pathways that 

include small GTPases, cytoskeleton-modifying proteins, kinases, lipid second messengers 

and motor proteins. Cells achieve movement when different signaling cascades are 

consistently presented in specific locations within the cell while maintaining potency of 

response to extra cellular triggers (Welf and Haugh, 2012). Both epithelial and mesenchymal 

cells can migrate, although what external cues trigger specific cellular changes to channel 

directional movement is still under considerable research. However, mesenchymal phenotype 

has increased migratory and invasive capabilities, combined with a greater resistance to cell 

death (Kalluri and Weinberg, 2009). Epithelial to mesenchymal transition (EMT) thus greatly 
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 enables migration and invasiveness, though migration alone does not necessitate EMT 

(Schaeffer et al., 2014). 

 

Figure 1 – Understanding cell motility 

 

Recreated along Petrie et al., 2009; Motility of a cell can be random such as in chemokinesis. 

The path of movement need not be the shortest path to final spatial displacement. The cell 

takes arbitrary path until arriving at the most favourable state. Chemotaxis, an example of 

directed migration exhibit movement closest to the shortest path of favourable displacement 

in response to a stimulus.  
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 Cellular responses of A549 cells in exposure to MeOx NPs were tested for their 

migrative and invasive capabilities with wound healing and transwell invasion assays. Our 

previous research concluded a marked change in morphology with pronounced filopodial 

spikes in response to TiO2 NP exposure. Thus, MeOx NP treated samples were also tested for 

Epithelial to Mesenchymal transition by characterizing the expression pattern of an allied set 

of markers; E Cadherin, N Cadherin, EGFR and Clathrin. Filopodial extensions preceded by 

loss of cell adhesion often occur at the onset of cell migration during EMT (Berndt et al., 

2008). Downregulation of E Cadherin along an upregulation in N Cadherin is the hallmark of 

EMT (Zhang et al., 2013). E Cadherin and EGFR also regulate cell adhesion.  

 

Figure 2 – Interplay between E Cadherin and EGFR governs cell adhesion 
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 Referred from Andl et al., 2004; A- Migration; EGFR activation triggers disruption of 

adherens junctions causing increased cellular migration. B- weak cell adhesion; is 

documented for decreasing expression of E-cadherin which permits some EGFR activity. C-

strong cell adhesion; is the case for high E-cadherin expression. EGFR is immobilized and 

adheren junctions remain intact. 

The internalization of epidermal growth factor receptor (EGFR) is largely mediated 

by clathrin coated vesicles (Sigismund et al., 2008). Though there are conflicting reports of 

whether this internalization deflates or prolongs the EGFR signaling (Tomas et al., 2014). 

Thus, we have also examined the expression pattern of clathrin in this signaling context. 

 

 

 

 

 

 

 

 

 

 

 

 



 

6
7

 2.2 Methods 

 

Materials 

Common laboratory reagents were acquired from Himedia (India) and Sigma-Aldrich 

(USA) and antibodies were procured from Cell Signaling (USA), Biolegend (USA) and 

Abcam (USA). Human A549 cells were obtained from National Centre for Cell Sciences, 

India. Characterized nanoparticles were secured through Sigma, Aldrich (USA).  

 

2.2.1 Cell Culture 

A549 cells cultured in vitro were maintained in DMEM supplemented with 10% FBS 

(37oC with 5% CO2). For all experiments, cells were charged with nanoparticles at 80% 

confluence, unless otherwise mentioned.  

 

2.2.2 Charging of Nanoparticles 

ZnO and TiO2 NPs were dispensed in a stock concentration of 1 mg/ml (12.2mM ZnO 

and 12.5mM TiO2). The doses of charge chosen were; control (0 µg/ml = 0 mM), 12.5 µg/ml 

(~0.15mM), 25 µg/ml (~ 0.31 mM), 50 µg/ml (~ 0.62 mM), 100 µg/ml (~ 1.24 mM) and 200 

µg/ml (~ 2.48 mM) for ZnO and TiO2 NPs. Doses were chosen based on our viability assays 

(Santimano et al., 2013) along a range commonly observed at industrial sites (Rogaczewska 

and Matczak, 1984). Our dose range of investigations allows evaluation of crucial biological 

differences in cellular responses to sub-lethal concentrations of nanoparticles. Stocks were 

prepared in DMEM aseptically and charged for experiments in the chosen doses after 

vortexing thoroughly to avoid aggregation and to ensure exposure to nano-scale particles. 



 

6
8

 Serum was added separately to ensure a consistent 10% concentration throughout various 

experiments.  

 

2.2.3 Wound Healing Assay to demonstrate changes in proliferation potential on 

exposure to nanoparticles. 

A wound was created in the monolayer by a 200µl tip. The original wound was 

photographed. Samples were treated while maintaining a control. Doses evaluated are 0.15, 

0.31, 0.62, 1.24 and 2.48-mM respectively for ZnO and TiO2 NPs. Post 24h and 48h 

incubation with nanoparticles, the wound was washed with PBS and re-photographed. ImageJ 

was used to quantify the gaps in each of the pictures and percentage proliferation of the 

treated samples were calculated relative to the control. 

 

2.2.4 Transwell Invasion Assay to investigate Migration Potential of cells in response 

to nanoparticle exposure 

Matrigel and 24 transwell chambers were secured from Corning Life Sciences. 

Transwell chambers were prepared for the experiment by coating them with 50µl of 30µg/ml 

of matrigel. Commercial matrigel stock was diluted with DMEM as required. Coated 

chambers were incubated at 37°C for 24h. 100µl of 24h nanoparticle treated cells, containing 

2 x 105 cells/ml ware suspended in DMEM with 2% serum and added onto the upper 

chamber. 700µl of DMEM with 20% serum was added onto the lower chamber. Nanoparticle 

doses evaluated include 0.15, 0.31, 0.62, 1.24 and 2.48-mM of ZnO and TiO2 NPs. Upper 

chamber was placed over the lower chamber and incubated at 37°C for 8 hours. A positive 

control was exacted by further reducing the serum concentration in the upper chamber to 

0.5%, this increases the concentration difference across the membrane and expedites the rate 
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 of migration. A negative control was exacted by resuspending untreated control cells in 

phosphate buffered saline, this restrains migration owing to lack of nutrition. Post incubation, 

media from upper chamber is removed and the chamber is washed twice in PBS. Cells were 

fixed by adding formaldehyde (3.7% in PBS) both in upper and lower chamber for 2 minutes. 

Formaldehyde is removed, and the chambers were washed twice in PBS. Cells were then 

permeabilized with 100% ice cold methanol for 20 minutes. Methanol was removed from 

chambers and they were washed twice with PBS. Staining was done by incubating chambers 

with 2% fresh crystal violet for 20 minutes. Non-migrated cells were gently scraped using 

cotton swabs and removed. Migrated cells were photographed and counted using ImageJ. 

 

2.2.5 Expression study at mRNA level to assess epithelial to mesenchymal (EMT) 

transition 

cDNA was synthesized, and gel electrophoresis carried as described in section 2.6. 

The primer sequences utilized for polymerase chain reaction were; N Cadherin- 5’-

gatgtttacagtgcagtctt-3’ (sense); 5’-actgactcctcagttaaggt-3’ (anti-sense), E Cadherin- 5-

aggagctgacacaccccctgt-3’ (sense); 5’-catcgtccgcgtctgtggct-3’ (anti-sense), Clathrin- 5’-

gaccgggctcatattgctca-3’ (sense); 5’-tctgacggatgttggcagac-3’ (anti-sense), EGFR- 5’-

caagtgtaagaagtgcgaagg-3’ (sense); 5’-cagaggaggagtatgtgtgaagg-3’ (anti-sense) and GAPDH- 

5’-agaacatcatccctgcctctac-3’ (sense); 5’-ctgttgaagtcagaggagacca-3’ (anti-sense). The 

parameters for PCR are as described; start up denaturation for 2 min at 95°C proceeded by 35 

cycles. Cycling conditions included denaturation for 30s at 95°C. This was proceeded by 

annealing for 30 s at 57°C for GAPDH, 53°C for N Cadherin, 55°C for E Cadherin, 57°C for 

EGFR and 57°C for Clathrin. Extension parameters were 30s at 72 °C, with an ultimate 

extension of 7 min at 72°C.  
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 2.2.6 Western Blot Analysis to study EMT 

After cell lysate (40 µg) was resolved by 10% SDS-PAGE the western blot was 

carried out as per Sarkar et al., 2007. In brief, the PVDF membranes were washed with tris-

buffered saline followed by blocking with 5% non-fat dried milk or 3% BSA as was suited. 

The membranes were incubated at 4˚C overnight with primary target specific antibodies for 

EGFR (Cell Signaling- 1:500), E Cadherin (Biolegend- 1:100), N Cadherin (Biolegend- 

1:100) and β-Actin (Cell Signaling- 1:2000). The membranes were then incubated with 

secondary antibodies coupled to horseradish peroxidase for optimised time periods at room 

temperature. The membranes were washed in combinations of TBS and TBST at room 

temperature. Immunoreactivities were detected by ECL reagents (Amersham GE Healthcare). 

Expression of target proteins was normalized to β- Actin. 
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 2.3 Results 

All expression studies have basal level or control expression of target assigned at 100%.  

Expression analysis was performed by ImageJ, NIH. Where ever required, pictures were post 

processed for background reduction and contrast enhancement using PhotoScape, MOOII 

TECH, Korea. 

 

2.3.1 Wound Healing Assay to assess Proliferation capacity in response to 

nanoparticle exposure 

The control healing potential of the original wound in an untreated sample, was 

recorded at 53.89 % in 24 hours, while 58% for 48 hours. ZnO exposed cells showed wound 

healing only at 0.15mM of exposure, with 13.7% for 24 hours (Figure. 3 A) and 31.68% for 

48 hours (Figure. 3 B). With further increase in dose for ZnO exposure, there was increased 

cell death with no distinct wound boundary visible. The proliferation capacities in response to 

TiO2 exposure for 24 hours were 22.66%, 15.28%, 18.39%, 16.69% and 11. 46% for doses 

0.15, 0.31, 0.62, 1.24 and 2.48mM respectively. The subsequent proliferation values 

increased upon incubation at 48 hours up till the dose of 1.24mM. They were 36.21%, 

27.16%, 29.56% and 19.38% for doses 0.15, 0.31, 0.62 and 1.24 mM. At 2.48mM of dose of 

TiO2 exposed to 48 hours, the proliferation rate dropped to 1.84%. Statistical analysis is 

provided in Figure. 3 C and Figure. 3 D. 
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 Figure 3 - Wound healing assay to evaluate Proliferation capacity  

 

 

 

 

 

 

 

 

A- Dose dependent documentation by Inverted microscopy at 24 hours is presented. ZnO and 

TiO2 NP  

 

B- Wound Healing Assay recorded for 48 hours. 
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C- Statistical analysis of wound healing assay for 24 hours data. D- Statistical analysis of 

wound healing assay for 48 hours data. Results are summarized in section 3.10. P values 

calculated are; ZnO 24h- 0.14636 (ns- to be noted; data was not available beyond 0.31mM in 

this experimental set up), TiO2 24h- 0.0178037 (*), ZnO 48h- 0.09484 (ns- to be noted; data 

was not available beyond 0.31mM in this experimental set up) and TiO2 48h- 0.0013234 (**). 
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 2.3.2 Transwell Invasion Assay to evaluate migration potential in response to 

nanoparticle exposure.  

ZnO exposed cells showed a decline in the number of cells migrating with increase in 

dose of exposure till 0.62mM at 24 and 48 hours. Upon further increase in dose, no migrated 

cells were observed. However, TiO2 treated cells, showed an increase in migration with a 

maximum at 0.62mM for 24hours and 0.15mM for 48 hours (Figure. 4). The number of 

migrated cells is plotted against dose of exposure for TiO2 and ZnO exposure in Fig. 5.   

 

Figure 4 - Transwell invasion assay to evaluate migration potential in response to MeOx NP 

treatment 
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 Dose and time dependent documentation of migrated cells against control (untreated 

membrane) is studied. A positive control and a negative control is also set in the experiment 

to validate results effectively. 

 

Figure 5 - Statistical analysis of migration potential 

 

Number of migrated cells are counted using ImageJ, NIH. Migration capacities are plotted as 

number of migrated cells in a time and dose dependent manner. Number of migrated cells for 

the positive and negative control is also calculated. P values are; ZnO 24h- 0.05000 (*), ZnO 

48h- 0.0505 (*), TiO2 24h- 0.0004067 (***) and TiO2 48h- 0.00047933 (***). 

 

2.3.3 RT PCR analysis for studying Epithelial to mesenchymal transition. 

Relative expression at mRNA level of targets E Cadherin, N Cadherin, EGFR and 

Clathrin were evaluated in response to exposure with ZnO and TiO2 nanoparticles (Figure. 

6). Doses evaluated were 0mM (Control), 0.15mM (A), 0.31mM (B), 0.62mM (C) and 
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 1.24mM (D). GAPDH expression was used as the internal control. E Cadherin upregulated in 

response to ZnO exposure along with EGFR. EGFR showed a significant upregulation, at 

100% expression more than basal level for 1.24mM of exposure. However, in response to 

TiO2, both E Cadherin and EGFR showed a marked downregulation. N Cadherin upregulated 

in response to both ZnO and TiO2, though it was more pronounced in response to TiO2. 

Clathrin, upregulated up till 0.31mM in response to ZnO NPs, while it stayed elevated till 

0.62mM with TiO2 exposure with 75% of control. A further dose treatment at 1.24mM was 

documented by a depreciation in expression to 25% more than control level. Densitometric 

analysis by ImageJ, NIH is given in Figure. 7. 

 

Figure 6 - Evaluation of EMT by mRNA level expression of E Cadherin, N Cadherin, EGFR 

and Clathrin 

 

24 Hours expression pattern of E Cadherin, N Cadherin, EGFR and Clathrin at the mRNA 

level was documented in a dose dependent manner. Doses; A- 0, B- 0.15, C-0.31, D-0.62 and 

E-1.24 mM. 
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 Figure 7 - Statistical Analysis mRNA level expression of E Cadherin, N Cadherin, EGFR 

and Clathrin. 

 

Dose dependent expression profile is plotted for E Cadherin, N Cadherin, EGFR and 

Clathrin, relative to the internal control GAPDH in response to MeOx NP treatment. P values 

for ZnO treatment are; E Cadherin-  0.000001773 (***), N Cadherin- 2.75E-06 (***), EGFR- 

0.000404547 (***) and Clathrin- 9.05E-06 (***). TiO2 exposure resulted in P values of; E 

Cadherin- 0.0001219 (***), N Cadherin- 3.816E-05 (***), EGFR- 4.1E-05 (***) and 

Clathrin- 0.010 (**). 

 

2.3.4 Western Blot Analysis for studying Epithelial to mesenchymal transition. 

Expression at protein level for EGFR, E Cadherin and N Cadherin were evaluated and 

normalized to expression of β-Actin as the internal control (Figure. 8). The expression was in 

tandem with RT PCR results. EGFR and E Cadherin downregulated in response to TiO2 NPs 

while they upregulated with ZnO exposure. ZnO treatment rendered 60% increase in E 

Cadherin expression and 70% increase in EGFR expression at 0.62mM among all dose points 
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 evaluated. TiO2 exposure resulted in a downregulation of E Cadherin to 40% of control, 

while EGFR to just 20% of basal expression.  

N Cadherin upregulated in response to both ZnO and TiO2 exposure, though for the 

latter, the expression was more pronounced, with about 20% more than the basal expression. 

Densitometric analysis was represented in Figure. 9. 

 

Figure 8 - Evaluation of EMT through protein level expression of E Cadherin, N Cadherin 

and EGFR by western blot analysis 

 

Dose dependent expression of E Cadherin, N Cadherin and EGFR is documented to MeOx 

NP treatment. 
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 Figure 9 - Statistical Analysis of EMT markers E Cadherin, N Cadherin along with EGFR at 

protein level by ImageJ, NIH. 

 

Dose dependent expression of E Cadherin, N Cadherin and EGFR is plotted, after 

normalizing with the internal control; β-Actin in response to MeOx treatment. P Values for 

ZnO treatment are; E Cadherin- 0.017406 (*), N Cadherin- 0.00404711 (**) and EGFR- 

0.0027940 (**). TiO2 exposure resulted in p values of; E Cadherin- 0.037336 (*), N 

Cadherin- 0.0350571 (*) and EGFR- 0.04914 (*).  
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 2.4 Discussion 

Increased proliferative and migrative capacity of TiO2 NP treated cells over ZnO was 

documented through wound healing and transwell invasion assays. This is the first report of 

this kind. Wound healing assay shows a marked preservation in proliferation capacity with 

TiO2 NP treatment as compared to ZnO. Though for all doses evaluated for both ZnO and 

TiO2 exposure, mitotic capacities lagged with the untreated control, suggesting, MeOx NP 

treatment does negatively affect cellular proliferation, irrespective of lethality. Mitotic 

capacity is the mean mitotic index at any temporal point characterized by an increase in cell 

proliferation and thus an increased cell density (Grover et al., 2015).  

We also have discovered E Cadherin downregulation in response to TiO2 exposure along 

with N Cadherin upregulation. This is not evident with ZnO. This is supplemented with the 

allied EGFR expression that follows trend with E Cadherin (Gavard and Gutkind, 2008). 

Clathrin is crucial to EGFR internalization. Particularly the clathrin-assembly lymphoid 

myeloid leukemia protein; CALM along with Grb2 are significant in this process (Huang et 

al., 2004). Further it was observed in Hela cells, Clathrin mediated endocytosis (CME) 

prolongs EGFR activated signaling cascades including processes such as DNA synthesis. In 

stark contrast clathrin independent endocytosis of EGFR committed the receptor for 

degradation, substantiating the role of CME in enhanced EGF induced signaling rather than 

degradation with Hela cells (Sigismund et al., 2008).  

In our study, we found that, at mRNA level, clathrin expression does stay elevated up till 

a dose of 0.62mM at 78.34% more than control under TiO2 exposure. Whereas, clathrin peaks 

at 0.31mM with just 5% more than control to ZnO treatment. Thereafter, with further dose 

exposure, clathrin expression downregulates.  These results suggest, with MeOx exposure on 

A549 cells, clathrin upregulation and its mediated internalization of EGFR, result in 
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 degradation of EGFR. Our studies fare an example of how biological responses can differ 

based on the type of cell in the study.  

Cell death varies as a function of dose and time for metal oxide nanoparticle toxicity 

(Martin and Sarkar, 2017). However, our data sufficiently proves, A549 cells can withstand a 

greater dose of exposure from TiO2 NPs as compared to ZnO. This is due to the epithelial to 

mesenchymal transition that occurs at the molecular level along with cdc42 expression that 

renders filopodial extensions. Our data also shows an enhanced migration capability to TiO2 

exposed cells. These cells may thus, migrate away from the zone of stress, enabling them to 

tolerate higher TiO2 exposure as compared to ZnO. 

In toxicity assessments particularly, that of the in vitro set up, a zone of stress represents 

the layers of variant shear stress in a culture vessel (Zhang et al., 2014). We postulate that 

adherent cultures exhibit high stress on cells close to the basal membrane, with marked 

nutrient deprivation and increased steric hindrance through crowding of the cells. The density 

dependent depletion in cell growth and proliferation is widely documented for confluent 

cultures (McClain and Edelman, 1980). It is possible that epithelial to mesenchymal 

transition allows cells to float away from the lamina into a region more conducive for 

survival. Moreover, the regulated release of cytokines and chemokines by stressed cells also 

less affect the cells away from the high zone of stress at the basal lamina (Zhang et al., 2014).  

Epithelial cells enable tissue specific functions while mesenchymal cells involve in 

accessory roles. The importance of trans-differentiation through processes such as epithelial 

to mesenchymal transition (EMT) and mesenchymal to epithelial transition (MET) is crucial 

for maintaining the integrity of life. These processes are avidly observed during tissue repair, 

biological responses to pathological stresses and inflammation. EMT involves the gradual 

transition of polarized epithelial cells with normal interactions to the basal membrane to 
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 mesenchymal phenotype. This is characterized by multiple biochemical changes, 

invasiveness, enhanced migratory potential, production of extracellular matrix components 

and finally the degradation of the underlying basement membrane (Kalluri and Weinberg, 

2009).  

 

Figure 10 – Epithelial to Mesenchymal Transition 

 

Referred from Kalluri and Weinberg, 2009; The progressive set of changes in Epithelial to 

Mesenchymal transition is depicted.  

Epithelial to mesenchymal transition (Figure 10) as a cellular response to metal oxide 

nanoparticle mediated stress has never been documented before. Our study is the first of its 

kind to discover and sufficiently prove this phenomenon with consistent and validated 

experimental results.  

Further epithelial to mesenchymal transition, is also known to phosphorylate eIF2α 

through protein kinase RNA-like ER kinase (PERK) activating the unfolded protein response 

(UPR) in response to endoplasmic stress (Feng et al., 2014). We have earlier substantially 

proved that TiO2 NP treated cells do have an increased duration for which eIF2α remains 

phosphorylated as compared to ZnO exposure. This may well be related to the onset of 
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 epithelial to mesenchymal transition observed in TiO2 NP treated cells, not observed with 

ZnO exposure.  

Our novel findings predict LD50 value for TiO2 nanoparticle treatment on A549 cells 

is almost 20 times more than that with ZnO. Crucial cellular responses to TiO2 nanoparticle 

treatment include extended duration of eIF2α phosphorylation, epithelial to mesenchymal 

transition and enhanced expression of Hsp70. These results could be successfully developed 

in the future to design relief strategies to alleviate metal oxide nanoparticle mediated stress 

(Figure 11). 

 

Figure 11 – Key molecular changes discovered between ZnO and TiO2 NP treated cells 

Potential for therapeutic molecular designs to alleviate metal oxide nanoparticle toxicity; 

EMT, enhanced expression of Hsp70 allied with increased duration in phosphorylation of 

eIF2α. 
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Chapter 3 

 

Quantitative Structure – Activity based model to predict the toxicity of 

metal oxide nanoparticles on A549 cells. 
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 3.1 Introduction 

Nano-toxicity manifests vastly differently than stress conferred from bulk and macro 

materials, often resulting in increased genotoxic stress characterized by chromosomal damage 

(Semisch and Hartwing, 2014). It differs from one system to another and varies in the modes 

of their deliverance. Recognizing this need to understand mechanisms of nanoparticle-based 

toxicity and documentation of nanoparticle entry portals into biological systems; studies on 

molecular models of toxicity have progressed in earnest.  

Several attempts have already been made to predict nanoparticle conferred toxicity. 

But there remains a large paucity in available data sets over reliability and reproducibility as 

very few studies on nanoparticle toxicity converge with concordant results (Tsuji et al., 2006, 

Triboulet et al., 2015). Success in this field is often dependent on the predictive potential of a 

toxicity model simply because actual estimation of every single engineered nanomaterial ever 

synthesized is tedious and time consuming. Thus, toxicity models being developed were 

designed to predict lethal doses based on extrapolation or interpolation of existing 

experimental data sets. They use effective computational methods to recognize patterns and 

predict toxicity as a dose dependent function (Gajewicz et al., 2014) Precision in such efforts 

is largely dependent on the presence of quantitative experimental data sets of acceptable 

accuracy. Because of experimental limitations this may not always be feasible, as such these 

models may serve true to accurately predicting toxicity for a similar system only given over-

sampling techniques are used. Monte Carlo based modelling through various software such as 

CORAL (http://www.insilico.eu/coral) that employ over sampling (Toropova and Toropova, 

2015), have already been used in developing optimal descriptors to response functions such 

as mutagenic potential, photocatalytic decolourisation rate, cellular viability (Toropov et al., 

2015, Toropov and Toropova, 2015), catalytic activities for water oxidation (Shahbazy et al., 
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 2014) etc. Never the less, there is a continued need for a common consensus of understanding 

in building standard protocols and systems to better assess nanoparticle mediated toxicity. 

Through our study, we have built a Nano-QSAR (Quantitative Structure Activity 

Relationship) model to predict the toxicity conferred by metal oxide nanoparticles on alveolar 

type 2 cells. Our model is the first of its kind in assessing the toxicity potential of metal oxide 

nanomaterials on alveolar type 2 cells.  

Alveolar cells are highly susceptible to aerosolized nanoparticles that pose enormous 

risks of pulmonary stress. Metal oxide nanoparticles are a subclass of nanomaterials that find 

one of the highest instances of exposure as aerosolized matter and through various reports are 

known to impair function of type 2 pneumocytes (Ivask et al., 2015, Urner et al., 2014 and 

Andujar et al., 2014). 

Many quantitative structure-activity relationship (QSAR) models have already been 

developed that can extrapolate experimental toxicity data of few candidates to accurately 

predicting effects of most metal oxide nanoparticles based on their similar molecular 

descriptors (Leszczynski, 2010, Puzyn et al., 2011). We have sought to investigate if indeed 

toxicity conferred by metal nano-oxides on human alveolar type II cells by using A549 cell 

line as a model follows a function of molar enthalpy change of formation of gaseous cation as 

shown with E.coli in the original study (Puzyn et al., 2011). There after we have explored if 

any additional mechanisms may also be involved. Most commonly encountered mechanisms 

include ROS generation, metal ion release, nanomaterial accumulation on membrane surface 

and internalization of nanomaterials (Djurisic et al., 2015). 
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 3.2 Methods 

Common laboratory reagents were acquired from Abcam and Sigma-Aldrich (USA) 

and Human A549 cells were obtained from National Centre for Cell Science, India. 

Chemicals for nanoparticle synthesis were obtained by Merck, India. 

 

3.2.1 Synthesis and Characterization of Nanoparticles 

Six metal oxides (e.g. Cr2O3, α-Fe2O3, Co3O4, NiO, CuO and ZrO2) were synthesized 

by using an aqueous EDTA precursor-based method (Hazra et al., 2012 and Hazra et al., 

2015). The detailed experimental conditions are listed in table 1. In a typical synthesis, metal 

nitrates and EDTA were used as starting materials. Aqueous solutions of metal nitrate and 

EDTA were mixed in stoichiometric amount (Table 1) and then evaporated to dryness over a 

hot plate to obtain precursor powders. The precursor powders were then calcined at different 

calcination temperatures to obtain metal oxide nanoparticles. 

 

Table 1: Synthesis conditions for metal oxide nanoparticles 

 

 

Composition Meta nitrate: EDTA ratio Calcination temperature (time) 

Cr2O3 1:1 550°C (2h 30 min) 

α-Fe2O3 1:1 450°C (2h 30 min) 

Co3O4 1:1 450°C (2h 30 min) 

NiO 1:1 450°C (2h 30 min) 

CuO 1:1 450°C (2h 30 min) 

ZrO2 1:1 550°C (2h 30 min) 
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 To synthesize Al2O3, Al(NO3)3. 9H2O and Oxalic acid was used in 1:3 ratio and 

precursor were calcined at 800°C for 2h 30 min. ZnO and TiO2 Nanoparticles were procured 

through Sigma Aldrich USA. Average particle size of TiO2 NPs (Hombikat make) were 

18nm and ZnO were 35nm. 

Synthesized nanoparticles were characterized by using room temperature wide angle 

X-ray diffractometer and dynamic light scattering technique. X-ray diffraction (XRD) pattern 

of the synthesized nano powder at room temperature was recorded using an X-Ray 

diffractometer (Mini Flex II, Rigaku, Japan). The working parameters used were 40 kV and 

30 mA, to use a copper radiation with Cu Kα(λ) = 0.15405 nm. The scanning scope of 2θ was 

set to 10-70º and the scanning speed to 2° per min. To obtain a diffraction, a thick (2mm) 

sample was layered. Multiple measurements were taken to aid accuracy. Particle size of the 

synthesized material was determined by dynamic light scattering (DLS) technique utilizing a 

particle size analyser (Delsa Nano S, Beckman Coulter, USA). XRD patterns of the metal 

oxides confirmed the formation of pure single-phase materials (Figure 1). Purity of metal 

oxides was checked by comparing the pattern of diffraction with the database of powder 

diffraction patterns maintained by, ‘International centre for Diffraction data’, (ICDD). It is 

important to note that, presence of any impurity phase was not detected. From DLS study 

(Figure 2 A and B) it was observed that, the average particle size of the synthesized 

materials lies within the range of 10-40 nm (Table 2). The highest dimension particle for 

each synthesized nanoparticle is reported below with its percentage in the total population of 

particles: - 

Al2O3- 19nm (45.81%), Co3O4- 8.9nm (49.1%), Cr2O3- 2.9nm (39.76%), CuO- 10.72nm 

(47.1%), Fe2O3- 7.74nm (50.19%), NiO- 7.39nm (46.68%) and ZrO2- 8.5nm (44.84%). 
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Figure 1: X-ray Diffraction (XRD) data for synthesized metal oxide nanoparticles
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 All metal oxide nanoparticles synthesized were tested to be pure and crystalline. The crystal 

phase of the metal oxide nanoparticles was found to be monoclinic for ZrO2, CuO, Al2O3, 

cubic for Co3O4, Cr2O3, NiO and hexagonal (rhombohedral) for αFe2O3. 

 

Figure 2 (a) – Dynamic Lights Scattering (DLS) Data for synthesized nanoparticles 

 

2 (b)- Average particle size of all metal oxide nanoparticles synthesized were under 100 nm. 
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 Table 2 - Average particle size and distribution range for synthesized nanoparticle size 

 

 

 

 

 

 

 

 

Figure 3 - Scanning electron microscopy (SEM) analysis 

 

SEM analysis was undertaken as part of characterization to assess morphology and average 

diameter of the particle. This was done employing the FEI FE-SEM, Apreo LoVac model. 

Average Particle size (nm); (1). CuO 41.17, (2). Al2O3 49.29, (3). Cr2O3 29.8825, (4). ZrO2 

20.477, (5). Fe2O3 46.762, (6). TiO2 32.1267, (7). ZnO 29.735, (8). NiO 70.415/10.7, (9). 

Co3O4 70.415. All particles had spherical structure. 

Composition Average Particle size (nm) Distribution (nm) 

Cr2O3 8.9 1.2-18.7 

α-Fe2O3 9.2 2.5-27.2 

Co3O4 10.9 1.7-57.2 

NiO 10.7 1.6-52.1 

CuO 11.9 1.6-100 

ZrO2 14.6 1.6-89.6 

Al2O3 35.8 2.1-343.9 
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 SEM analysis has been documented with Figure 3 and zeta potential measurements were 

additionally measured for further characterization (Table 3). 

 

Table 3 – Zeta Potential measurements for various dispersions of metal oxide nanoparticles  

 

Zeta potential of metal oxide nanoparticles was measured using a particle analyser (Beckman 

Counter, Delsa Nano) in various doses with two mediums of dispersion; DMEM cell culture 

medium and 10mM NaCl solution. Zeta potential measures the magnitude of charge between 

particles in a dispersion. It is a crucial parameter that determines the stability of a formulation 

and can be used to regulate aggregation (Wei and Gao, 2010).  

 

3.2.2 In Vitro Culture of A549 Cells  

A549 cells were propagated in vitro and perpetuated at 37°C with 5% CO2 in DMEM 

supplemented with 10% FBS, 1× antibiotic antimycotic solution and passaged at confluence.  

 

3.2.3 Establishing the response curve by assessing mitochondrial function as a 

descriptor of cellular viability through Resazurin reduction assay 
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 Resazurin assay was carried as per Chapter 1. Charging of nanoparticle were done as 

per Table 4. Percentage Resazurin reduction was used to develop the response variable 

(Figure 4) in terms of dose at 50% death (LD50) for this study. 

 

Table 4 - Design of Resazurin reduction assay for testing nanoparticle mediated 

mitochondrial dysfunction. 

 

Dose (mM) NP vol (µl) Stock (mM) DMEM (µl) 

10% serum 

(µl) 

Cells 

seeded 

 

 

0 (Ctrl+) 0 0 1350 150 Yes 

 

 

0.15 22.5 10 1327.5 150 Yes 

 

 

0.31 46.5 10 1303.5 150 Yes 

 

 

0.62 93 10 1257 150 Yes 

 

 

1.24 186 10 1164 150 Yes 

 

 

2.48 372 10 978 150 Yes 

 

 

4.96 744 10 606 150 Yes 

 

 

9.92 744 20 606 150 Yes 

 

 

19.84 974 30 376 150 Yes 

 

 

39.68 584.4 100 765.6 150 Yes 

 

 

79.36 1168.8 100 181.2 150 Yes 

 

 

Neg (-) 0 0 1350 150 No 
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 This design developed by us, ensures equal serum concentration and nano-scale 

dispersion at the time of charging nanoparticles.  

 

Figure 4: Response curve to assess toxicity  

 

Toxicity is measured as Log (1/LD50). P values are CuO 0.0034 (**), Cr2O3 0.0032 (**), ZnO 

0.0028 (**), NiO 0.0019 (**), ZrO2 0.0015 (**), Co3O4 0.0042 (**), Al2O3 0.00023 (***), 

TiO2 0.0029 (**), Fe2O3 0.00056 (***) 

 

3.2.4 Testing fitness of response curve to various descriptor 

Response curve is represented as the average value of LD50 with standard deviation 

over three independently executed experiments with seeding density 2.5 x 104.  Log (1/LD50) 

is taken as the descriptor of toxicity and expressed as a function of enthalpy change for 

formation of one mole of gaseous cation with the same oxidation state as present in the metal 

oxide nanoparticles as per Puzyn et al. 2011. Coefficient of determination (R2) is computed to 
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 aid statistical quality of the fit. Several other parameters were also tested for their quality of 

fitness to the response curve generated, including mulliken electronegativity, thermal 

conductivity, oxidation number, total metal electronegativity per oxygen (Table 5) and zeta 

potential measurements (Table 6). 

  

Table 5 – The response curve for toxicity log(1/LD50) plotted against various descriptors 

 

R2 was computed as a fitness measure to assess if any of the descriptors describe the response 

curve generated 
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 Table 6: The response curve is plotted against zeta potential values for various dispersions of 

nanoparticles 

 

Zeta potential is discovered to be a poor descriptor of the response curve, with maximum 

correlation of about 57%. Zeta potential measurements from Table 3, are utilized to compute 

the R2.  

 

3.2.5 Investigating potency of protein corona as a descriptor for alveolar stress: 

Two independent experiments were carried out to investigate the possible roles of the 

degree of protein corona adsorbed onto the nanoparticle surface in nanoparticle mediated 

toxicity. 10µl of nanoparticle charged spent media was loaded onto a 12% SDS-PAGE gel 

along with spent media from control (no NPs added) to check for any significant changes in 

the pattern, if any and silver stained as per Thierry Rabilloud et al., 1994, with 0.1% cold 

silver nitrate solution. Development was carried out with 2% Sodium Carbonate solution 

charged with formaldehyde and sensitized with sodium thiosulphate solution. Development at 
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 appropriate intensity was arrested using 1% acetic acid solution. If added nanoparticles 

adsorb more protein onto their surface, then protein content remaining in the media depletes. 

Samples were deliberately loaded in the decreasing trend of response curve that was deduced 

in our study to ease the discovery of descriptors of toxicity (Figure 4) 

 

Figure 5 – Assessment of spent media upon nanoparticle incubation 

 

Bands around 70KDa, (serum) from two independent experiments are photographed and 

stacked here in. 

 

5mM Nanoparticle dispersion is made using spent media (free of nanoparticle 

exposure) and incubated for 24 hours. Nanoparticles are pelleted, and absorbed protein is 

extracted using a tris-EDTA based buffer (20mM Tris.Cl pH 8.0, 1mM EDTA, 1mM PMSF, 

10% Triton X 100). Protein eluted is quantified using Bradford’s method. 40µg of protein is 

loaded onto each lane of a 10% SDS PAGE gel after denaturing with laemmli buffer 

(Lemmli, 1970) and electrophoretically run for resolution. Coomassie staining is applied for 

visualization of resolved protein bands (Figure 5). 
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 Figure 6 -  Corona protein loaded in the decreasing trend of toxicity 

 

Nanoparticle adsorbed protein; the corona protein follows the trend in toxicity, with the 

highest thickness of adsorbed protein being present on the least lethal nanoparticle. 

 

3.2.6 ROS assay using reduction of DCFDA  

10,000 cells were seeded per well in a 96 well plate and allowed to attach overnight. 

Cells are washed and stained with 20µM DCFDA (2’,7’-dichlorofluorescin diacetate), a 

fluorogenic dye that measures hydroxyl, peroxyl and other ROS activity within the cell, for 4 

hours. Cells were washed again and incubated with nanoparticle dispersion to deliver select 

doses of exposure for 1 hour. Cells were washed for a final time and the plate was read under 

an excitation wavelength of 535nm. ROS intensity was plotted against dose for assessment of 

ROS as a potential descriptor to metal oxide nanoparticle induced toxicity on A549 cells 

(Figure 6) 
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 Figure 7 - Percentage of DCFDA oxidation is plotted against Dose exposure of metal oxide 

nanoparticles 

 

Total ROS generated also follows the trend in toxicity, with the highest levels achieved with 

the most lethal nanoparticle. 
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 3.3 Results 

 

3.3.1 Evaluation of Protein corona and ROS as descriptors of trend in toxicity incurred 

by metal oxide nanoparticles on A549 cells. 

Image J, NIH is used to plot the densitometry profile of the resolved corona bands. 

The gray value or pixel density is then tabulated as in Table 7 and tested for its potency as a 

toxicity descriptor. Further experiments have also been carried out by quantifying protein 

corona by dynamic light scattering (DLS) techniques to show that these could also be used in 

future as a potential descriptor (Figure 8). 

 

Table 7 - R2 for the response curve is calculated for protein corona and ROS as descriptors 

 

Both Total ROS and protein corona prove to be good descriptors of the response curve with 

high correlations of over 95% 
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 Figure 8 - Size of average protein corona tabulated against a few candidate nanoparticles 

 

3.3.2 Building the Nano-QSAR model based on ROS 

log (1/LD50) is plotted against total ROS generated. Best fit regression model is 

obtained by Dplot. The best fit regression model turned out to be a quadratic fit with R2 of 

0.971 (Figure 9) 

 

Figure 9 - The response curve is plotted against total ROS generated  

 

The model built thus is: log (1/LD50) = 1.156 + 0.000427x – 1.259(10-8) x2 

where x is the total ROS generated quantified through DCFDA oxidation for 1 hour of metal 

oxide nanoparticle exposure.  

DLS results are in tandem with SDS PAGE 

data generated, substantiating the discovery 

of thicker corona coat over less lethal 

nanoparticles. 
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 3.4 Discussion 

Through our research work, we have discovered a consistent trend of toxicity induced 

by metal oxide nanoparticles on alveolar type 2 cells using A549 cell line as a model. This 

trend is as follows: CuO> Cr2O3>ZnO> NiO> ZrO2> Co3O4> Al2O3>TiO2>Fe2O3. This was 

in sync with other reports of toxicity of metal oxide NPs on A549 cells [CuO>TiO2 

(Moschini et al., 2013), CuO> ZnO> NiO>ZrO2> Al2O3~TiO2> Fe2O3 (at 1mg/ml in Horie et 

al., 2012) and CuO>ZnO>Co3O4>Al2O3~TiO2~Fe2O3
 (Ivask et al., 2015)]. Thus, we 

conclude that our results are accurate and establish a trend of toxicity for metal nano-oxides 

on A549 cells. 

The next task was to express this trend in toxicity as a function of certain descriptors 

that are parameters attributing to physico-chemical characteristics of metal nano-oxide 

particles. This would aid in developing a prediction tool for toxicity induced by metal oxide 

nanoparticles in alveolar type 2 cells. Our literature survey uncovered Puzyn et al., 2011 that 

had developed a nano-QSAR model to predict metal nano-oxide toxicity in E.Coli as a 

function of bond dissociation energy in the form of enthalpy of formation of gaseous cation 

in Kcal/mole. The mechanism basis for this model is the release of metal ions which is one of 

the four widely studied mechanisms of toxicity induced by metal oxide nanoparticle (Djurisic 

et al., 2015). The other mechanisms include ROS generation, nanomaterial accumulation on 

membrane surface and internalization of nanomaterials. Since Puzyn et al., 2011 already 

provided the characteristic values of bond dissociation energy for various metal nano-oxides, 

I sought to express our response curve as its function. In doing so, I discovered bond 

dissociation energy correlated with the response curve at 56.4%. Some additional parameters 

were also tested for its correlation. Mulliken electronegativity had the lowest correlation at 

9.7%. Others like oxidation number stood 51.8% and total metal electronegativity per oxygen 

was documented at 50.2%. Surface charge is a consistent player in determining nanomaterial 
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 accumulation on cell surface and internalization, thus we next tried to test some surface 

charge parameters such as zeta potential and protein corona for their potency as descriptors. 

Zeta potential measurements were taken at the lysosomal pH for various metal oxide 

nanoparticle suspensions with 10mM NaCl solution to ensure consistent conductivity for 

each nanoparticle dispersion (Kaszuba et al., 2010, Clogston and Patri, 2009). A set of 

samples were also assessed at 5mM dispersion (culture pH of 7.0) where we have obtained a 

good resolution between different toxicity levels of various nanoparticles studied. This was 

done using DMEM as a medium to investigate if surface charge in presence of culture media 

may prove to be promising as a descriptor. In both cases however, we found poor fitness to 

the response curve for zeta potential measurements taken. As such we conclude that 

parameters of only surface charge are poor descriptors of the toxicity. None of the parameters 

evaluated thus far reached the recommended R2 ≥ 0.81 for in vitro experiments (Kubinyi et 

al., 1993), thus the validation for bond dissociation energy, mulliken electronegativity, 

oxidation number, total metal electronegativity per oxygen and surface charge proved poor 

descriptors of the response curve for toxicity. Also, this indicated release of metal ions 

characterized by enthalpy of dissociation, is not a contributing mechanism of toxicity induced 

by metal oxide nanoparticles in alveolar cells. One major reasoning might be that alveolar 

cells are eukaryotic cells, whose systems are vastly different from the prokaryotic systems 

with the presence of membrane bound organelles; E.Coli, evaluated in Puzyn et al., 2011. 

I further sought to explore other mechanisms by which metal oxide nanoparticles 

conferred their toxicity in hopes of testing them for fitness to our response curve. These 

include ROS generation, nanomaterial accumulation on membrane surface and nanomaterial 

internalization.  

To test for nanoparticle accumulation on the cell surface, I needed to discover 

additional parameters known to encourage such interaction. On much literature survey, it was 
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 found that the dynamic protein adsorbed onto the nanoparticle called the corona protein 

dictates its bioreactivity and thus determines the degree of surface accumulation, 

internalization, cellular inflammation and degradation of accumulated nanoparticles within 

the cell (Saptarshi et al., 2013). Strong coulomb type interactions between nanoparticles and 

charged patches of protein adsorbed onto them, dictate the level of aggregation (Treuel et al., 

2015). Further accumulation of nanoparticles on cell surface may cause many biological 

responses including alteration of receptor activities.  

Thus, adsorbed protein onto the nanoparticles, the ‘corona protein’, was eluted, and 

SDS PAGE analysis was carried out with equal volume of each eluent. In doing so, it was 

discovered that protein corona is a definitive descriptor for toxicity in the form of protein 

adsorption for metal nano-oxide toxicity in A549 cells. A quantitative linear mathematical 

model was developed to express toxicity as a function of protein corona; Log(1/LD50) = 

26.367 – 0.262x, where ‘x’, is a parameter that depicts the size of the protein corona. In our 

model we have used pixel density of corona band(s) as this descriptor. There is scope to use 

DLS measurements also, as they are in tandem with the pixel density. Finally, when the spent 

media was resolved using SDS PAGE we find a similar trend of protein depletion with 

exposure to increasing toxicity conferring nanoparticles. It is possible that the degree of 

internalization of protein is in trend with toxicity, with more internalization at higher toxicity. 

It could be a reason why higher lethality causing nanoparticles have less protein coat 

adsorbed onto them, since there may be less protein available for adsorption in the closed 

system of in vitro evaluation. So, whether protein corona is in actual a determinant of toxicity 

or just an indicator of toxicity is to be further investigated. How quickly the nanoparticle 

adsorbs the biological fluid it meets and how quickly the so formed corona particles are 

internalized need to be understood before conclusively placing protein corona as the 

descriptor. 
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 Our study has considered total protein corona, which is both, the loosely bound and 

the well adsorbed proteins that elute only upon a denaturant treatment (Winzen et al., 2015).  

Soft protein corona measured by DLS and hard protein eluted and run on SDS-PAGE gel 

follow trend in toxicity, with higher coat of protein corona over less lethal nanoparticles. 

Hard versus soft protein corona is better understood using Figure 10. 

 

Figure 10- Hard versus Soft Protein Corona 

 

Referred from Fleischer and Payne, 2014; Adsorption of protein on to nanoparticle is a both 

kinetic (k) and thermodynamic (K) process. It results in modification of surface topography 

and composition and nanoparticle dimension. With increase in incubation time, adsorbed 

serum proteins (such as albumin, A2M, apoA1, IgG1) are selectively replaced by those of a 

higher affinity. Soft corona proteins can be dislodged from nanoparticle surface by physical 

processed such as sonication or centrifugation. Hard corona necessitates the use of a 

denaturant such as SDS to elute from the nanoparticle surface. 
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 One validation of why the thickness of the protein corona might follow the toxicity 

trend could also be that, cellular uptake of nanoparticles depends on the nanoparticle directly 

interacting with cell membrane and its subsequent internalization through energy dependent 

pathways. Protein adsorption on to nanoparticles impedes the uptake efficiency by decreasing 

unspecific interaction between nanoparticle and the membrane (Winzen et al., 2015). Serum 

is known to form corona coats over cationic, anionic and neutral particles (Fleischer and 

Payne, 2014), though our research particularly shows that the degree of adsorption and the 

thickness of the corona coat is a function of chemical identity of the nanoparticles.  

ROS was additionally evaluated, to see if the level of oxidative stress could determine 

the degree of toxicity induced by metal oxide nanoparticles in A549 cells. Thus, the ROS 

assay was performed, and the results were highly encouraging. The trend of ROS generation 

followed precisely the same pattern of toxicity as we had established in our study, confirming 

the occurrence of ROS generation as an event before cell death in our chosen system.  

When total ROS is expressed as a function of toxicity; log (1/LD50), a quadratic 

function is obtained with a high correlation of about 97%. Thus, the following equation is 

accepted as a quantitative structure activity relationship-based model to predict metal oxide 

nanoparticle induced toxicity in type II alveolar cells.  

 

log (1/LD50) = 1.156 + 0.000427x – 1.259(10-8) x2 

 

 ‘x’ is the total ROS generated upon the first hour of incubation of nanoparticles with A549 

cells. The units being percentage DCFDA oxidation per unit dose in mM of the exposing 

nanoparticle. 



 

1
1
0

  

 

 

 

 

 

 

 

 

Chapter 4 

 

Elucidation of the nature of cell death caused by metal oxide nanoparticle 

induced stress in A549 cells. 
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 4.1 Introduction 

There are reports of autophagic death, apoptosis and necrosis owing to metal oxide 

nanoparticle exposure across the spectrum of less lethal to most lethal nanoparticles. For 

example, ceria oxide, zinc oxide and silicon oxide nanoparticles were capable of inducing 

autophagy and late apoptosis in A549 cells (Yang et al., 2018). ZnO nanoparticles also 

remarkably increases the expression of pro inflammation mediators such as interleukin 8 and 

tumor necrosis factor-α (Yan et al., 2017). Copper oxide nanoparticles could cause apoptosis 

in A549 cells by inhibition of histone deacytylase (Kalaiarasi et al., 2018).  They are also 

documented to cause autophagic death with the same cells A549 (Sun et al., 2012). Further in 

this study itself, it was found that apoptotic and necrotic like cells are an occurrence with the 

exposure to ZnO nanoparticles (Chap 1, Fig 6A). Since cellular stress is a highly multi 

factorial process, it is possible that dose and time dependent results vary as per experimental 

designs. However, the trend of toxicity remains constant (Loret et al., 2016). 

This study also discovered a definite trend in toxicity which is determined by ROS 

generation and indicated by protein corona (Chap 3). Among the investigated metal oxide 

nanoparticles, the trend established by this study was CuO> Cr2O3>ZnO> NiO> ZrO2> 

Co3O4> Al2O3>TiO2>Fe2O3.  There was thus, a possibility to predict the nature of cell death 

following nanoparticle-cell interactions with respect to dose and incubation period. Degree of 

toxicity ultimately courses the nature of cell death. For example, necrosis, is often a 

consequence of the cell’s failure to programme death owing to the toxic disruption of 

significant cellular functions (Orrenius et al., 2010). Programmed modes of cell death such as 

apoptosis, autophagy and pyroptosis for example, display intricate signaling cross talks that 

often involve ATP, modulation of calcium homeostasis, increased generation of reactive 

oxygen species and involvement of crucial proteins such as calpains, proteases, 

endonucleases and caspases (Plattner and Verkhratsky, 2016). The dying cells are usually 
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 identified and engulfed by macrophages and destroyed to avoid inflammation and disruption 

of surrounding tissue (Cocco and Ucker, 2001). 

In contrast, Necrosis, is characterized by cellular swelling and bursting of intercellular 

contents, loss of ionic balance and incitation of inflammatory responses in the surrounding 

tissue (Fulda et al., 2010). Autophagy is seen in all eukaryotes and it is characterized by the 

formation of autophagic vacuoles following lysosomal degradation. It is ATP dependent and 

cell protective, in that protein aggregates are recycled for repair (Tsukahara et al., 2014). 

Light chain 3 (LC3) is a crucial protein necessary for the formation of autophagosome and its 

cleavage to LC3 B I and II is usually associated with starvation induced autophagic activity 

and autophagy mediated cell death (Tanida et al., 2008).  As such LC3B is a well-studied 

marker for autophagy (Meyer et al., 2013). 

Further High mobility group box protein (HMGB1) is a nuclear protein which 

facilitates transcription of genes associated with proliferation in response to stress. Also, 

upregulation of HMGB1 is associated with Beclin dependent autophagy. While oxidized 

HMGB1induces apoptosis by the caspase 3/9 intrinsic pathway (Tang et al., 2010). 

Expression of cyclin B1, a regulatory protein in cell cycle can also be tested to check for 

apoptosis. Cyclin B1 is crucial for mitosis (Strauss et al., 2012) and with cdk1, it coordinates 

G2/M progression (Wang et al., 2014). Down regulation of cyclin B1 is often associated with 

G2/M arrest (Scaife 2004), and G2/M arrest often routes in apoptosis (Di Paola, 2002).  

Propidium iodide (PI) is a fluorescent dye that binds to DNA in dead cells, it is not 

permeated in live cells with intact membranes, as such it can be used to detect necrosis 

(Crowley et al., 2016). Since apoptosis is characterized by DNA fragmentation and thus 

structural differences such as N, 2N and 4N can be cell sorted and counted through flow 

cytometry to aid in cell cycle analysis (Riccardi and Nicoletti, 2006). Propidium iodide 
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 staining and propidium iodide aided flow cytometry can be used to resolve the percentage of 

cells progressing through apoptosis, necrosis and autophagy. Thus, giving an insightful 

overview of the modes of cell death at play, in response to candidate nanoparticles across the 

toxicity trend as a function of dose and incubation time.  

In addition, JC1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine 

iodide), a cationic dye could also be used to investigate nature of cell death particularly 

apoptosis. Since mitochondrial membrane dysfunction characterized by its depolarization 

leads to apoptosis (Grubb and Lawen, 2003). JC1 exhibits a green fluorescence at lower 

mitochondrial membrane potential and a red fluorescence at higher potential. Thus, the ratio 

of red to green intensities is directly proportional to the strength of mitochondrial potential 

(Perelman et al., 2012). A higher intensity of red fluorescence indicates intact mitochondria 

with well-preserved membranal integrity. Conversely a higher intensity of the green 

fluorescence indicates a membrane disruption, that typically is observed with leaching of ions 

into the mitochondria (Petit et al., 1990).  

The discussed methods should investigate the nature of cell death and remark on a 

possible trend with respect to the toxicity of the metal oxide nanoparticles. In chapter 1, it 

was discovered that phosphorylation of eIF2α and expression of Hsp70 follows the trend in 

toxicity, with higher expression for exposure to less lethal nanoparticle. For investigation into 

nature of cell death, it would be important to test if expression of p-eIF2α and Hsp70 is 

crucial to stress tolerance and if their expression also follows the trend in toxicity. Expression 

of p-eIF2α and Hsp70 as stress revival strategies to nanoparticle mediated toxicity has never 

been explored. Thus, they could be developed into novel stress revival strategies. 
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 4.2 Methods 

 

4.2.1 Materials 

Common laboratory reagents were acquired from Himedia (India) and Sigma Aldrich 

(USA) and antibodies were obtained from Cell Signaling (USA), Biolegend (USA) and 

Abcam (USA). Propidium Iodide stain was secured from MP biochemicals. JC1 fluorescent 

dye was procured through Sigma Aldrich. Human A549 cells were obtained from National 

Centre for Cell Sciences, India. Characterized nanoparticles of ZnO and TiO2 were obtained 

through Sigma, Aldrich (USA). ZrO2 nanoparticles utilized were synthesized and 

characterized, with details in chapter 3.  

 

4.2.2 Cell Culture 

A549 cells propagated in vitro were perpetuated with 10% FBS conditioned DMEM 

(5% CO2 at 37oC). In all investigations, cells were charged with nanoparticles at 80% 

confluence, unless otherwise mentioned.  

 

4.2.3 Charging of Nanoparticles 

ZnO, ZrO2 and TiO2 NPs were dispensed from closest stock concentration to avoid 

aggregation as detailed in chapter 3.  

 

4.2.4 Western Blot Analysis to investigate the nature of cell death 



 

1
1
5

 After cell lysate (40 µg) was resolved by 10% SDS-PAGE the western blot was 

carried out as per Sarkar et al., 2007. In brief, the PVDF membranes were washed with tris-

buffered saline followed by blocking with 5% non-fat dried milk or 3% BSA as was suited. 

The membranes were incubated at 4˚C overnight with primary target specific antibodies for 

LC3B (Cell Signaling- 1:500), HMGB1 (Biolegend- 1:500), Cyclin B1 (Cell Signaling- 

1:1000), Hsp 70 (Sigma Aldrich- 1:4000), eIF2α (Cell Signaling- 1:2000), eIF2α-P (Cell 

Signaling- 1:1000) and β-Actin (Cell Signaling- 1:2000). The membranes were then 

incubated with secondary antibodies coupled to horseradish peroxidase for optimised time 

periods at room temperature. The membranes were washed in combinations of TBS and 

TBST at room temperature. Immunoreactivities were detected by ECL reagents (Amersham 

GE Healthcare). Expression of target proteins was normalized to β- Actin. 

 

4.2.5. Propidium Iodide Staining for Necrotic cells 

Cells are harvested and aliquoted up to 1 x 106 cells/100 μL into FACS tubes. After 2 

washes with PBS, centrifugation at 300g was carried out for 5 minutes. Wash solution is 

decanted, and cells are resuspended in 100µl of flow cytometry staining buffer (10 μg/mL PI 

in PBS stored at 4 °C in the dark). Flow cytometer settings are adjusted for PI with 5 - 10 µL 

of PI staining solution added to a control tube of unstained cells. Incubation of 10 minutes is 

provided in the dark. PI fluorescence is determined using FL-2 or FL-3 channel with a FACS 

instrument. Data is acquired for unstained cells and single color positive controls. 5 - 10 µL 

of PI staining solution is added to each sample prior to analysis. Stop count is set on the 

viable cells from a dot-plot of forward scatter versus PI. Results are analyzed as per 

instrument settings. 
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 4.2.6 Propidium Iodide Aided Cell cycle analysis 

Cells are harvested and washed with PBS. This is followed by fixing with cold 70% 

ethanol. After 30 minutes of incubation, cells are washed twice with PBS. Centrifugation at 

850g is carried out and cells are treated with 50 µl of a 100 µg/ml sock of RNase. 200 µl of 

PI is added (from 50 µg/ml stock solution). Analysis of results is carried out by first 

measuring the forward scatter (FS) and side scatter (SS) to identify single cells. Pulse 

processing is used to exclude cell doublets from the analysis. PI has a maximum emission of 

605 nm and is measured with a suitable bandpass filter. 

 

4.2.7 Detection of Mitochondrial membrane potential using JC1 

Cells are harvested. JC-1 was dissolved in 100 mM Tris, pH 8.2 as per manufacturer’s 

instructions to a working concentration of 2.5µM with an incubation of 15 minutes at room 

temperature. Cells were passed through a cell strainer (Becton Dickinson) before FACS 

analysis. Laser used for excitation was 488 nm (Gallios) and filters: 525/50 (FL1 green) and 

585/42 nm (FL3 red). Data were processed by FlowJo v7.6.4.  
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 4.3 Results 

 

4.3.1 LC3B Analysis by Western Blot 

Expression of LC3B as detected in the cell lysate followed the trend in toxicity 

established in chapter 3. At 24 hours of ZnO exposure, LC3B expression reached a maximum 

of 4.53 times as compared to the control expression for the documented 0.62 mM. While for 

incubation with ZrO2, at the same dose point, the expression peaked at 5.75 times the basal 

expression. The highest observed expression was recorded for TiO2 presentation at 0.62mM 

with 10.73 times the minimal expression (Figure 1A).  

The same pattern was found to emerge when investigated for an increased incubation 

period of 48 hours. At 0.62mM of the documented dose, ZnO exposure observed 5.33 times 

the LC3B expression as that of the basal control value. ZrO2 recorded 20.06 times and TiO2 

measured 28.44 times that of the minimal control expression. Densitometric analysis was 

carried out by ImageJ, NIH and plotted in Figure 1B. 

 

Figure 1A – Western Blot Analysis of LC3B 

 



 

1
1
8

 Western Blotting and chemiluminescent detection were used to target LC3B. The expression 

was normalized by using β-Actin as the internal control. 

 

Figure 1B- Densitometric Analysis of LC3B, normalized to β-Actin 

 

LC3B expression follows the trend in toxicity with ZnO having the least expression, while 

TiO2 exposure has the most expression, in the candidate group where the toxicity follows the 

order of ZnO>ZrO2>TiO2. P values are ZnO 24h- 0.034 (*), ZnO 48h- 0.038 (*), ZrO2 24h- 

0.012 (*), ZrO2 48h- 0.0027(**), TiO2 24h- 0.0067 (**), TiO2 48h- 0.0018 (**). 

 

4.3.2. Western Blot Analysis of HMGB1 

With ZnO treatment for both 24 and 48 hours, HMGB1 expression decreases with 

increasing dose (mM). At 0.31, 0.434 and 0.62 mM for 24 hours, the expression recorded, 

0.37, 0.12 and 0.00007 times (insignificant) that of the basal expression. Only at the initial 
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 exposure dose of 0.15mM, the expression slightly increased to 1.09 times that of the control, 

which is negligible. At 48 hours, the expression was 0.86, 0.22, 0 and 0 times the control 

expression for doses 0.15, 0.31, 0.434 and 0.62mM. 

With exposure to TiO2, for both 24 and 48 hours, HMGB1 expression increases with 

increasing dose (mM). This contrasts with results obtained on ZnO presentation. At 24 hours 

the increase was more pronounced and seems to slow down with further incubation to 48 

hours. TiO2 subjection at 24 hours, documented an increase of 3.73, 5.29, 5.73 and 9.52 times 

that of the control expression for doses, 0.15, 0.31, 0.434 and 0.62mM. At 48 hours, TiO2 

treatment recorded, 1.47, 2.86, 3.25 and 4.69 times the control expression for doses 0.15, 

0.31, 0.434 and 0.62mM (Figure 2A). The densitometric analysis is provided in Figure 2B. 

 

Figure 2A – Western Blot analysis of HMGB1 

  

The expression of HMGB1 is normalized using β-Actin as internal control. 

 



 

1
2
0

 Figure 2B- The densitometric analysis of HMGB1 expression 

 

P values are ZnO 24h- 0.0067 (**), ZnO 48h- 0.0080 (**), TiO2 24h- 0.0021 (**), TiO2 48h- 

0.0037 (**). 

 

4.3.3. Western Blot Analysis of CyclinB1 

For ZnO presentation, Cyclin B1 expression decreased with increase in dose (mM) for 

both 24 and 48 hours. At 0.31 and 0.62 mM, the expression dipped to 0.6 and 0.34 times that 

of the control value for 24 hours. At 48 hours, doses, 0.31 and 0.62 mM recorded 0.12 and 

0.04 times that of basal value, suggesting Cyclin B1 decreases with increase in dose and time 

of incubation with ZnO nanoparticles.  

On the other hand, 24 hours of TiO2 treatment, is documented with a decrease in 

Cyclin B1 for 0.31mM and further increase at 0.62mM with values of 0.12 and 0.33 times the 

basal value. Further incubation up till 48 hours, records 0.17 and 0.036 times the control 

value for doses 0.31 and 0.62mM, suggesting TiO2 exposure exhibits the cycling of Cyclin 
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 B1 protein in the cell lysate. At 0.31mM, with increase in exposure, Cyclin B1 increases 

slightly, while at 0.62mM, there is a decrease of Cyclin B1 with increase in dose of exposure 

(Figure 3A). Densitometric analysis is provided in Figure 3B. 

 

Figure 3 A- Western Blot Analysis of CyclinB1 

 

Cyclin B1 expression is normalized to β-Actin as the internal control. 

 

Figure 3 B- Densitometric Analysis of Cyclin B1 expression 
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 P values are ZnO 24h- 0.0057 (**), ZnO 48h- 0.00068 (***), TiO2 24h- 0.0038 (**), TiO2 

48h- 0.0026 (**). 

 

4.3.4 Western Blot Analysis of Hsp70 and p-eIF2α 

Since the toxicity trend is consistent with the expression of the key molecules 

evaluated so far, it was imperative to investigate the expressions of Hsp70 and p-eIF2α. In 

chapter 2, the expression of these targets was discovered to be among the significant 

differences between cells exposed to ZnO (more lethal) and TiO2 nanoparticles (less lethal). 

If indeed the trend extends to more metal oxide nanoparticles, a candidate particle whose 

toxicity is in between ZnO and that of TiO2, should hypothetically also document an 

intermediate expression of Hsp70 and p-eIF2α. To test this ZrO2 (log(1/LD50) = 2.185) was 

chosen, as its toxicity was mid-way between TiO2 (log(1/LD50) = 1.355) and ZnO 

(log(1/LD50) = 2.577) nanoparticles. 

With ZnO NP exposure at 24 hours, Hsp 70 increases to 1.562 times of control value 

at 0.15mM and thereafter decreases to 0.95, 0.88 and 0 times at 0.31, 0.434 and 0.62mM 

respectively.  At 48 hours, Hsp70 continues to decrease from its basal value with expression 

recorded, 0.95, 0.89, 0.84 and 0.78 times of control value at doses 0.15, 0.31, 0.434 and 

0.62mM. ZrO2 treatment at 24 hours documents increase in Hsp70 at both 24 and 48 hours, 

though the expression is higher for the first 24 hours of exposure. At 24 hours, doses 0.15, 

0.31, 0.434 and 0.62mM document 1.52, 1.73, 1.76 and 2.05 times control expression. At 48 

hours, the same exposure doses, record expression values relative to control as 1.13, 1.14, 1.7 

and begins to dip to 1.25 respectively. 

TiO2 subjection increases Hsp70 for both 24 and 48 hours. The respective values for 

corresponding doses is higher than with both ZrO2 and ZnO treatment. At 24 hours, for doses 



 

1
2
3

 0.15, 0.31, 0.434 and 0.62mM, the recorded expression values relative to control are 1.9, 

3.18, 3.94 and 6.31 respectively. For the same doses at 48 hours, the expression of Hsp70 

dips but continues the trend of increasing expression with increasing dose. The expression 

values relative to basal expression are 1.11, 1.31, 1.74 and 1.92 for corresponding doses of 

0.15, 0.31, 0.434 and 0.62 mM. Figure 4A documents western blot analysis for Hsp70. 

Figure 4B is the corresponding densitometric analysis. 

 

Figure 4 A- Western Blot Analysis for Hsp70 

 

The expression of Hsp70 is normalized to β-Actin as the internal control. 

 

Figure 4 B- Densitometric Analysis of Hsp70 
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 P values are ZnO 24h- 0.021 (*), ZnO 48h- 0.034 (*), ZrO2 24h- 0.019 (*), ZrO2 48h- 

0.0267, TiO2 24h- 0.0037 (**), TiO2 48h- 0.028 (*). 

Remarkably, p-eIF2α also follows the trend in toxicity. Doses evaluated for this 

investigation include 0.31 and 0.62 mM. ZnO treatment documents increase in the 

phosphorylated form of eIF2α at 24 hours with 0.31 and 0.62mM recording 4.26 and 7.34 

times basal expression. Though at 48 hours, the expression increases at 0.31mM with 3.97 

times control value and decreases at 0.62mM with 2.6 times control value.  

ZrO2 presentation at 24 hours documents 3.25 and 7.22 basal times for doses 0.31 and 

0.62mM. With further increase in exposure to 48 hours, the expression changes to 4.29 and 

4.31 basal times for the same doses respectively. TiO2 treatment exhibits the highest 

expression values documented. At both 24 and 48 hours, the values of p-eIF2α increases with 

increase in dose of exposure. At 24 hours, 0.31 and 0.62mM dose record an expression of 

2.55 and 6.53 basal times, while for 48 hours, the same doses, are measured with 6.94 and 

7.36 basal times expression (Figure 5A). Densitometric analysis is provided in Figure 5B. 

 

Figure 5 A- Western Blot analysis of p-eIF2α for ZnO and TiO2 exposure. 
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 Figure 5B- Western Blot Analysis of p-eIF2α for ZrO2 exposure 

 

For Figures 5A and 5B; p-eIF2α is normalized to eIF2α as the internal control. eIF2α 

expression was checked to be like β Actin. 

 

Figure 5C – Densitometric Analysis for p-eIF2α expression 

 

P values are, ZnO 24h- 0.0023 (**), ZnO 48h- 0.0045 (**), ZrO2 24h- 0.0031 (**), ZrO2 48h- 

0.0067 (**), TiO2 24h- 0.00067 (***), TiO2 48h- 0.0017 (**). 
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 4.3.5. Propidium Iodide Staining aided counting of necrotic cells 

Doses evaluated are 0.15, 0.31 and 0.62mM for two incubation periods 24 and 48 

hours. Control records non-viable cells or cells with damaged membranes at 7.3% for 24 

hours and 8.5% for 48 hours respectively. 

At doses 0.15, 0.31 and 0.62mM and for 24 hours, ZnO treatment documented 23, 

36.8 and 48.2% of propidium iodide stained cells. At 48 hours, these values increased to 30.3, 

39.3 and 75.5% respectively. For ZrO2 presentation, at 24 hours the values were 20.2, 35 and 

41.5 for doses 0.15, 0.31 and 0.62mM. With further increase in incubation time to 48 hours 

these values, increased to 34.5, 41.1 and 44 severally. Finally, TiO2 exposure observed the 

least percentages of necrotic cells with documented values of 15, 19 and 35.6% for 24 hours 

and 32.2, 36.8, and 41.8% for doses 0.15, 0.31 and 0.62 mM individually. 

In general, with increase in incubation time, percentage of membrane damaged cells 

have increased. Though at any incubation period and for any given dose of exposure the 

percentage of necrotic cells follow the trend in toxicity with ZnO> ZrO2>TiO2 (Figure 6A-

C). 
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 Figure 6A- Propidium Iodide Staining for Quantification of Necrotic cells with ZnO 
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 Figure 6B- Propidium Iodide Staining for Quantification of Necrotic cells with ZrO2 

 

Gate C represents Necrotic cells.  
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 Figure 6C- Propidium Iodide Staining for Quantification of Necrotic cells with TiO2 

 

Gate C represents Necrotic cells. 
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 4.3.6 Propidium Iodide aided cell cycle analysis by flow cytometry 

Gate E represents percentage of cells with DNA less than 2N. Gate D represents 2N 

DNA containing cells (G0/G1 phase). Gate F (S phase) – G (G2/M phase) represent 

proportion of cells with 2N-4N, which are about to enter mitotic phase.  

All experiments were carried in triplicate and the results bared consistency.  Standard 

deviation reported errors of under 5%. The average data set is discussed herein. The control 

cells at 24 hours, noted 58.8% cells in G0/G1 phase, while the gate E (cells with fragmented 

DNA) sorted 5.1% at 48 hours.  Majority of cells for the incubation periods documented, 

observed 15.7% to 23.6% of cells in the S phase, sorted through gate F. G2/M at 24 hours, 

recorded 18.8 and 11.7 % for 24 and 48 hours respectively.  

At both 24 and 48 hours of incubation with ZnO, the percentage of single stranded 

DNA increased. Highest values recorded at 24 hours was 39.5% at 0.62mM and 39.6% for 48 

hours at 0.62mM. Proportion of cells progressing through G2/M dipped. At 24 hours it 

dropped from a control value of 18.8% to 2.8%. At 48 hours, the depreciation was from a 

basal value of 11.7% to 3.4%. 

Subjection to ZrO2 nanoparticles remarkably increased the percentage of quiescent 

cells from 58.8% to 61.6% at 24 hours at 0.62mM. At 48 hours, the increase was from the 

basal value of 59.5% to 60.04% at 0.62mM. At 24 hours, percentage of single stranded DNA 

increased to 23.9% at 0.62mM of exposing dose. The same trend was noted at 48 hours, with 

35.1% at 0.62mM. One other observation would be that the percentage of cells progressing 

through G2/M further decreased and was observed between 3.6% and 1.1% at 24 and 48 

hours for the highest dose evaluated is the study being 0.62mM.  

Exposure to TiO2, displayed the highest percentage of cells in the quiescent stage. 

With 0.62mM, at 24 hours the proportions reached 78.8% and at 48 hours it was recorded at 
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 75.5%. Cells progressing through G2/M were recorded at 8.5% and 9.4%, for 24 and 48 hours 

for an exposing dose of 0.62mM. Percentage of single stranded DNA did not increase much 

beyond the basal control value for both 24 and 48 hours. 

The results show fragmentation of DNA followed the trend ZnO>ZrO2>TiO2 with 

ZnO exposure indicating a G2/M arrest, consistent with apoptosis. Quiescent population of 

cells followed the trend TiO2>ZrO2>ZnO (Figure 7A-C). Quiescence noted with G0/G1 arrest 

is a usual paradigm with autophagic pathways.  
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 Figure 7A- Cell Cycle Analysis for ZnO treatment 

 

Doses evaluated 0 (control), 0.15, 0.31 and 0.62mM. Incubation periods investigated; 24 and 

48 hours.  
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 Figure 7B- Cell Cycle Analysis for ZrO2 treatment 

 

Doses evaluated 0 (control), 0.15, 0.31 and 0.62mM. Incubation periods investigated; 24 and 

48 hours.  
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 Figure 7C- Cell Cycle Analysis for TiO2 treatment 

 

Doses evaluated 0 (control), 0.15, 0.31 and 0.62mM. Incubation periods investigated; 24 and 

48 hours 
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 4.3.7 JC1 aided quantification of mitochondrial membrane potential 

Green fluorescence of JC1 is due to the depolarized mitochondrial membrane. ZnO 

treatment has the highest percentage of depolarization. FL1 scintillations at 24 hours measure 

58.1, 60.4 and 70.5% at doses 0.15, 0.31 and 0.62mM. At 48 hours, this further increases to 

59.6, 64.1 and 73 respectively. 

ZrO2 presentation results in FL1 gated counts at 44.9, 50.1 and 58.4% for 24 hours 

with doses 0.15, 0.31 and 0.62mM. Corresponding values of gated cell proportions for 48 

hours are 48.5, 53.8 and 61.9% respectively. TiO2 exposure leads to FL1 counts of 22.3, 31.8 

and 35.3% at 24 hours. Further incubation up till 48 hours documents 24.5, 33.1 and 39.1% 

for respective doses. 

The results (Figure 8A-C), measure membrane depolarization of mitochondria in the 

order of ZnO>ZrO2>TiO2. 
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 Figure 8A- Degree of mitochondrial membrane depolarization for ZnO treatment 

 

FL1 sorts green fluorescence emitted by JC1 present in low concentration (low membrane 

potential/depolarization). FL3 sorts red fluorescence emitted by J-aggregates present at high 

concentration of JC1 (high membrane potential).  
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 Figure 8B- Degree of mitochondrial membrane depolarization for ZrO2 treatment 

 

FL3 sorts red fluorescence emitted by J-aggregates present at high concentration of JC1 (high 

membrane potential).  
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 Figure 8C- Degree of mitochondrial membrane depolarization for TiO2 treatment 

 

FL1 sorts green fluorescence emitted by JC1 present in low concentration (low membrane 

potential/depolarization). FL3 sorts red fluorescence emitted by J-aggregates present at high 

concentration of JC1 (high membrane potential).  
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 4.4 DISCUSSION 

LC3B expression indicate greater autophagic processes with exposure to TiO2 as 

compared to ZrO2 or ZnO. HMGB1 documents higher expression with TiO2 treatment 

against ZnO. Propidium Iodide binding is pronounced in the order of ZnO>ZrO2>TiO2. 

Cyclin B1 results and cell cycle analysis using propidium iodide, suggest G2/M arrest and 

apoptosis, in the order of ZnO>ZrO2>TiO2. Further cell cycle analysis also indicates, G0/G1 

arrest and increased quiescent duration associated with autophagy in the order of 

TiO2>ZrO2>ZnO.  

Hsp70 and p-eIF2α were previously shown to increase in expression with decreasing 

trend in toxicity. With further evaluation on ZrO2, a candidate whose toxicity follows 

TiO2<ZrO2<ZnO, the expression of Hsp70 and p-eIF2α stays true in the order of 

TiO2>ZrO2>ZnO. JC1 data further substantiates membrane depolarization associated with 

necrosis and apoptosis in the order of ZnO>ZrO2>TiO2. These findings corroborate the 

contribution to toxic tolerance by Hsp70 and p-eIF2α and remark a necrotic or apoptotic 

death following exposure to higher lethal metal oxide nanoparticles.  

I have thus, concluded that cell death owing to metal oxide nanoparticles switches as 

a function of cellular stress. During the phase of exposure, nanoparticles adsorb protein along 

the nasal septa, respiratory trachea and alveolus. Essentially protein adsorbed on to 

nanoparticle, called protein corona dictates cell-nanoparticle interactions (Saptarshi et al., 

2013). 

The interaction induces toxicity by many mechanisms. ROS generation aiding 

oxidative stress is a significant factor in metal oxide nanoparticle induced toxicity on A549 

cells. Although oxidant generating tendencies are poor indicators of actual cell death (Sun et 

al., 2012). Presence of atmospheric irradiation by Sun such as UV is also a significant 
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 contributor (Numano et al., 2014). Common suspects like variation in shape, size, surface 

properties, chemical nature, electronic properties and crystallinity of the nanoparticles also 

modulate the level of toxicity (Altunbek et al., 2014, Hsiao et al., 2011). Additionally, how 

experiments are conducted to investigate the level of toxicity also contribute to the level of 

toxic stress detected. Toxicity levels are usually more pronounced when conducted in serum 

free media as compared to in vitro experiments conducted with 5% or 10 % serum (Hsiao et 

al., 2013).  

It is noted that, contribution to toxicity by metal ions were consistently insignificant to 

the overall level of toxic stress generated (Chapter 3). This discourages metal ion release as a 

significant player in metal oxide nanoparticle induced toxicity on A549 cells.  

Internalization of metal oxide nanoparticles was universally documented with all 

metal oxide nanoparticle exposure on A549. Though the degree of uptake and dissolution 

thereafter, both might play a role in dictating the level of toxicity (Vandebriel et al., 2012).  

The fourth well studied mechanism of nanoparticle toxicity as per Djurisic et al., 2015 

is accumulation of nanoparticle on membrane surface, on which there aren’t any reports thus 

far, so whether this mechanism contributes in realizing the stress is unclear. Though we have 

shown in chapter 3, that protein corona, a contributor to nanoparticle adhesion and 

accumulation to cell surface does follow the trend in toxicity. 

There are also reports of autophagic death, apoptosis and necrosis owing to metal 

oxide nanoparticle exposure across the spectrum of less lethal to most lethal nanoparticles. I 

would like to highlight that cellular stress is highly multi factorial process. Dose and time 

dependent results vary as per experimental designs, though the trend of toxicity remains 

constant (Loret et al., 2016). I hypothesize that probably cell fate in terms of which signaling 

cascades get activated and ultimately the type of cell death maybe a function of the total level 
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 of cellular stress. If a cell is capable of repair, it is likely to start the process of autophagy to 

clear out the damaged biomolecules. If the nanoparticle being exposed to is lethal; the cell is 

likely switched fate to death and the preferred mode of death is apoptosis to avoid 

inflammation among neighboring cells. Both autophagy and apoptosis are ATP dependent 

modes of cell death (Glick et al., 2010). If the level of insult is too overwhelming that the cell 

is unable to program apoptosis, it is likely to die of necrosis, which involves rapid swelling 

and bursting of cellular contents. I believe, a switching of cell death occurs depending on the 

intensity of total cellular stress. Most unforgiving insults result in necrosis, insults unable to 

be repaired end in apoptosis, while prolonged state of stress on a cell in the repair cascade, is 

likely to route through autophagy. Cytokine release is indicative of some level of 

proliferation and repair initiation. Cells secreting cytokine, may well be in the repair phase, 

thereby likely to die of autophagy if the insult continues unchecked. 

The following model is built to enumerate mechanism of metal oxide nanoparticle 

induced stress in A549 cells based on literature survey and results furnished in this thesis. 

 

4.4.1. ROS in low doses induces mitogenic processes.  

Metal oxide nanoparticles (MeOx) undergo fenton reaction and other processes of 

dissolution in releasing ions including metal cation (Me+), hydroxyl radical (OH`), hydroxyl 

anion (OH-), oxygen (O2) and superoxide anion (O2-) (Manke et al., 2013). Metal oxide 

nanoparticles encounter cells along with protein corona (Cedervall et al., 2007). MeOx-

corona can be internalized in A549 cells through many routes depending upon the properties 

of MeOx and the corona. These paths include; Phagocytosis, Pinocytosis, Caveolin mediated 

endocytosis, Clathrin mediated endocytosis, other endocytic pathways and diffusion (Yameen 

et al., 2014) as shown in Figure 9. The endocytosed particle may further undergo dissolution 
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 owing to pH drop and proteolytic action, once the endosome fuses with the lysosome. 

Naturally occurring radicals generated during mitochondrial respiration along with radicals 

released extracellularly are converted by NADPH dependent oxidases (Nox) to H2O2. 

Further, activation of GPCR and Receptor tyrosine kinase (RTK) in the presence of a growth 

factor also aids Nox conversion to H2O2 through PI3K and Rac activation. Extracellular H2O2 

generated is passively translocated through aquaporins into the cytoplasm. Further GPCR and 

RTK signaling triggers SRC (non-receptor protein tyrosine kinase) mediated inactivation of 

peroxidases such as Prx1. This inhibits conversion of H2O2 into water. The net result is an 

increased and localized presence of H2O2 which then crosses a redox threshold and 

inactivates tyrosine phosphatases such as Protein tyrosine phosphatase (PTP) by oxidation. 

The oxidized enzyme is unable to dephosphorylate active proteins involved in several 

signaling cascades such as MAP kinase pathway, switching ON processes such as cellular 

growth, proliferation, differentiation and transformation (Finkel 2011). Thus, small dose of 

ROS, that could still be converted into H2O2 triggers cell growth and repair mechanisms. 
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 Figure 9 – Low Intensity of ROS leads to mitogenic response. 

 

Adopted from Martin and Sarkar, 2017 
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 4.4.2. ROS in higher doses arrests mitogenic processes  

Stern et al. 2012 describes how auto phagosomes can directly form from lysosomes as 

ROS increases. Alternatively, an increased accumulation of ions within the lysosome, 

delivers the necessary osmotic shock needed for intracellular outburst of the lysosome 

releasing its ionic contents (Figure 10). Not only the presence of highly reactive free radicals 

cause damage to cellular biomolecules by random binding and disruption of activity, but the 

redox balance is upset. This prolongs the reduced form of tyrosine phosphatase. There by, 

inhibiting most growth and mitogenic processes. Depending on the level of uncontrolled 

ROS, cell cycle arrest or even cell death could follow, if random biomolecule damage 

continues unchecked in a state of inhibited growth.  

 

 

 

 

 

 

 

 

 

 

 

 



 

1
4
5

 Figure 10 – ROS at high intensity causes oxidative stress.  

 

Adopted from Martin and Sarkar, 2017 
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 4.4.3. Switching of Cell death among cells treated with metal oxide nanoparticles.  

Through our literature survey, we see all three widely studies modes of cell death; 

Autophagy, Apoptosis and Necrosis reported along the trend of less lethal to more lethal 

metal oxide nanoparticles. Our model predicts the total intensity of oxidative stress could 

essentially stimulate the fate of cell (Figure 11). At low stress exposure for low incubation 

time, autophagy ensues. PI3-III-ATG6 mediated membrane nucleation is followed by 

formation of autophagosome in a depleted Bax/Bak environment. Reduced levels of ATG6 

and ATG5 aid repair, while increased levels of ATG6 and ATG5 in an increasing Bcl2/XL 

environment leads to autophagic death. Encountered stress deemed beyond repair, routes in 

programmed cell death through apoptosis. This is characterized by an increasing Bax/Bak 

system and caspase activation, resulting in the formation of apoptotic bodies. Sudden and 

unmanageable stress, especially in conditions of ATP depletion ends in necrosis. Bursting of 

cellular contents and consequent tissue inflammation is seen (Saraste 1999, Tsujimoto 1997, 

Nicotera and Melino, 2004). 
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 Figure 11- Switching of Cell death as a function of total stress. 

 

Adopted from Martin and Sarkar, 2017 
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 5.0 CONCLUSION 

ZnO nanoparticles are more lethal to A549 cells than TiO2 nanoparticles. Increased 

incubation with TiO2 NPs improves viability. This may be because of a number reasons as 

discovered in this research study. These include upregulation of HMGB1 that might aid in 

repair. Increased cdc42 expression, leads to filopodial spikes on the cell surface that eases 

migration. This may make the cells capable of surviving higher doses of exposure, by 

enabling them to escape the zone of stress. These reports are novel and have immense 

potential to be developed further in stress revival strategies against metal oxide nanoparticle 

toxicity. 

TiO2 treatment is also characterized by epithelial to mesenchymal transition not 

documented in ZnO exposure. This allied with increased duration of expression in Hsp70 and 

p-eIF2α helps alleviate metal oxide nanoparticle induced stress. As these mechanisms 

increase tolerance to dose by 20 times. These are also novel findings and add to the growing 

discoveries in this study which could be developed into therapeutic solutions.  

The world is increasing in its use of nanoparticle ingenuity and human exposure thus 

becomes inevitable. Metal oxide nanoparticles are the largest class of commercially utilized 

nanoparticles. Aerosolized matter particularly adds to the raising pollution exacerbating 

associated pulmonary dysfunctions. These facts place a huge need for development of 

approaches to alleviate stress induced by metal oxide nanoparticles. As such, my research 

that now includes several molecular solutions to stress revival may well prove a pivotal point 

in medical history in the field of nanotoxicology. Therefore, it has scope for future 

development, both in the risk assessment of existing nanoparticles and in the design of safe 

manufactured nanoparticles.  



 

1
4
9

 One major concern in the field of nanotoxicology has also been the amalgamation of 

existing knowledge into tools to predict degrees of toxicity over the thousands of new 

molecules that are being tested for commercial applications every year. Expensive wet lab 

testing and large screening is not only time consuming but also impractical. This thus 

necessitates the development of tools to predict accurately the toxicity of nanoparticles based 

on physico-chemical parameters that do not require much experimentation to establish. The 

mechanism by which nanoparticles induce the stress is also crucial information, as only the 

understanding of nanoparticle-cell interaction provides scope to discover new drug targets 

and to develop future solutions to lung dysfunction. In this effort, many quantitative structure 

activity relationship-based models have been developed. But there is none to accurately 

establish a mechanism of toxicity in pulmonary alveolar type II cells or to predict the level of 

stress articulated on these cells by different metal oxide nanoparticles. 

For the first time, through this study, accurate descriptors of toxicity for metal oxide 

nanoparticle induced stress in alveolar type II cells have been discovered. These are reactive 

oxygen species and protein corona. They also shed much needed light into the mechanism of 

this toxicity. Through this study, it is evident that metal ion release characterized by bond 

dissociation energy is a poor contributor to this process. Generation of ROS, internalization 

of ions and possibly accumulation on cell surface are significant contributors.  

A quantitative structure activity relationship-based model is built to predict accurately 

the toxicity based on generation of total ROS and protein corona. The trend in toxicity for 

some of the commonly used nanoparticles are as follows: 

CuO>Cr2O3>ZnO>NiO>ZrO2>Co3O4>Al2O3>TiO2>Fe2O3 

The nature of cell death is rather dynamic. It is a function of total cellular stress as 

proved by multitudes of experiments carried in the last chapter. The most unforgiving insults 
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 route in necrosis, followed by apoptosis and autophagy. This substantiates the observation of 

many researchers (literature survey), that document all these modes of cell death across the 

spectrum of less lethal to highly lethal nanoparticles. 

 Cells prefer repair through release of cytokines and formation of autophagosomes to 

engulf damage molecules and trigger the synthesis of new ones. This is especially true for 

cells experiencing a low intensity of ROS (reactive oxygen species). They experience 

mitogenic responses by a cascade of signaling.  

 When the intensity of ROS increases by a certain threshold, reduction of protein 

tyrosine phosphatases occurs in the cytoplasm by a redox shift. This activates the protein 

tyrosine phosphatases resulting in transcriptional regulation that ultimately overwhelms the 

cell by oxidative stress. With further increase in dose and incubation time, the cells where 

autophagosomes have already formed, route through autophagic cell death. 

 When cells experience lethal ROS initially without a chance to mount any mitogenic 

responses, activation of p53 may lead to cell cycle arrest or even cell death by apoptosis. 

Dying and dead cells are present as apoptotic bodies and are recognized by macrophages and 

internalized to avoid inflammatory responses in the surrounding tissue environment. 

 It is also possible, that the cells experience enormous amount of stress probably due to 

exponential internalization of nanoparticles and maybe ion release and therefore may never 

have time to mount an ATP dependent defense to secure the neighboring cells. A huge 

disruption of osmotic balance particularly may result in bursting of the cellular contents 

leading to necrosis and inflammation in the surrounding tissue.  

 Thus, metal oxide nanoparticle exposure to alveolar type II cells may route in any of 

the types of cell death if the stress overwhelms the cellular defenses. Though the type of cell 
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 death depends on how quickly and how much in intensity of stress the cell is exposed to. In 

other words, dose and time of exposure to toxic agent ultimately dictate the fate of the cell. 
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 6.0 FUTURE SCOPE 

• SDS PAGE and mass spectrometry analysis of the differential protein expression 

between less lethal and highly lethal nanoparticle candidates. 

• Investigation of G0/G1 associated autophagy in metal oxide nanoparticle induced 

stress. 

• Testing a wider range of characterized nanoparticles for accuracy of toxicity 

prediction using the QSAR tool built. 

• Devising therapeutic strategies to alleviate metal oxide nanoparticle induced stress by 

targeting the lead molecules discovered in this study. 

• Expanding studies to actual industrial samples such as effluents and discharges and 

building future models for combination of metal oxide nanoparticles. 
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