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Oxygenating Therapeutic in Four Cell Lines 
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 Hypoxia is characterized by oxygen levels in tissue below 2% and is implicated in 

many diseases and adverse health outcomes including chronic lung disease, 

neurodegenerative diseases, and delayed wound-healing. Many solutions for tackling 

hypoxia to alleviate such conditions have been proposed but all carry significant 

limitations. This study attempts to characterize a novel oxygenating therapeutic known as 

Ox66™. Another major human health concern is diesel exhaust particles (DEP), a 

prominent component of air pollution. This study evaluates the toxicity of DEP, Ox66™, 

and a mixture of both during both hypoxia and normoxia and in 24- and 48-hour 

exposures using four cell lines. The effect of hypoxia on cytotoxicity carries implications 

for the health risk assessment of air pollution in patients suffering from hypoxia-related 

diseases. Additionally, the effect of Ox66™ on the hypoxia induced changes in DEP 

exposures as observed in their mixture may provide clues about its efficacy. 
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CHAPTER ONE 

 

Introduction 

 

 

Hypoxia and its effects on cells are a topic of interest in both biomedical and 

environmental disciplines of study. From a biomedical perspective, hypoxia plays a role 

in the initiation and exacerbation of a number of adverse health outcomes such as organ 

transplant failure (Andrade et al., 2006; De Perrot et al., 2002), insulin-resistance in cases 

of obesity (Ye, 2008), impedance of wound-healing and the continuation of chronic 

wound onset (Campillo et al., 2017; Chandan & Sashwati, 2010; Schreml et al., 2010), 

and the onset and prognosis of traumatic brain injury (R.-Q. Huang et al., 2010; 

Jeremitsky, Omert, Dunham, Protetch, & Rodriguez, 2003). Furthermore, hypoxic 

conditions are a major feature of solid cancerous tumor microenvironments, contributing 

to radiation therapy resistance via lack of available free-oxygen radicals required to 

induce cell-death via DNA damage (Vaupel, 2004). While cancer microenvironment 

represent a physiological niche that is not directly relevant to the purpose of this study, 

cancers remain are the primary targets of studies involving the effects of hypoxia on 

cytotoxicity, with findings indicating that hypoxia increases the resistance of tumors to 

cytotoxic chemical therapeutics and is associated with a worse prognosis (J. M. Brown & 

Giaccia, 1998; Graeber et al., 1996; Yao et al., 2005). 

At the cellular level, hypoxia induces a number of changes in cellular function 

and phenotype and alters the expression of genes involved in homeostatic disturbances 

(Tuder, Yun, Bhunia, & Fijalkowska, 2007). This results in the reduction of cell growth 



 2 

and proliferation (Schmelzle & Hall, 2000) and mitochondrial respiration (Schumacker, 

Chandel, & Agusti, 1993; D. E. Taylor, Kantrow, & Piantadosi, 1998) and a reduction in 

the rate of ATP consumption to 7% of that consumed in normoxic conditions 

(Hochachka, Buck, Doll, & Land, 1996). Some of these disturbances are entirely 

reversible upon return to normal oxygen conditions. However, longer periods of hypoxia 

may produce irreversible changes in cellular function and phenotype (Heerlein, Schulze, 

Hotz, Bartsch, & Mairbaurl, 2005). Given these changes, hypoxia may exacerbate 

cellular disturbances observed in cytotoxic responses to foreign compounds and 

environmental pollutants. 

The importance hypoxia plays in a wide array of medical outcomes contrasts with 

the available options for treatment and mitigation for affected individuals. Currently, the 

only option available to most patients struggling with hypoxia-induced injury is 

hyperbaric oxygen therapy (HBO), whose popularity as a treatment method has steadily 

increased since the 1960s (Gill & Bell, 2004). While generally safe, HBO’s biggest 

disadvantages are a lack of mobility and the associated costs for maintaining and 

operating the compressed chamber. Research on other modes of treatment have emerged 

to address these limitations and attempt to offer higher efficacy while limiting costs. This 

includes hemoglobin-based oxygen carriers which rely on the engineering of animal 

hemoglobin to deliver oxygen directly in the bloodstream (Winslow, 2000), and 

perfluorocarbon compounds which attempt to leverage their enhanced solubility of 

oxygen for use as molecular carriers of oxygenation to hypoxic tissues (K. C. Lowe, 

1999). One novel oxygenating therapeutic is Ox66™, an aluminum oxide-based novel 

oxygen-containing compound developed by Hemotek, LLC with the aim of addressing 
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the challenge of providing an effective, portable, and affordable oxygenating agent for 

use in both trauma and long-term biomedical situations. It has shown promise in 

providing potential oxygenation following ingestion while also exhibiting a favorable 

safety profile (Zhang et al., 2019). However, challenges remain in understanding its 

mechanism of action and the ideal conditions and administration routes for maximizing 

efficacy. 

Another area of great interest for human health is air pollutants and their effects 

on disease and morbidity. Produced by a variety of natural and anthropogenic sources, air 

pollutants have become global in nature, often spreading to remote areas where they are 

not originally produced, thereby affecting a vast portion of human populations on the 

planet (Borrell, Burrows, Platt, Richter, & Wagner, 2003; Gille et al., 2010; Lamarque et 

al., 2003). The adverse effects of exposure to air pollutants affect a wide array of organ 

systems, leading to increased mortality rates and decreased life-expectancy (Brunekreef 

& Holgate, 2002). These effects include an increase in lung-cancer and non-malignant 

pulmonary disease (Abbey et al., 1999; Pope III et al., 2002), cardiovascular disease and 

adverse implications for blood coagulation (Riediker et al., 2004). Components such as 

heavy metals and dioxins in polluted air have been linked to neurological and renal 

adverse health outcomes (Damek-Poprawa & Sawicka-Kapusta, 2003; Ewan & 

Pamphlett, 1996; Ratnaike, 2003; Walkowiak et al., 2001). 

One important component of the particulate matter portion of air pollution are 

diesel exhaust particles (DEP), which constitute a significant portion of elemental carbon 

present in urban areas, pointing to widespread exposure among human populations 

(Donaldson et al., 2005). The composition of these particles varies depending on the type 
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of vehicles from which emission occurs, but are generally composed of a complex 

mixture of both organic and non-organic materials such as PAHs, nitrates, sulfurs, and 

trace metals, with sizes ranging from less than 0.1 μm to larger than 2.5 µm (Wichmann, 

2007). Exposure to such particulate matter has been linked to a number of diseases of the 

cardiovascular and pulmonary systems (Hazenkamp-von Arx et al., 2011; Raaschou-

Nielsen et al., 2012), nervous system (S. Wang et al., 2009), reproductive system 

(Wilhelm & Ritz, 2003), and cancer (Yorifuji et al., 2013). In vitro studies have 

demonstrated a clear detrimental effect of DEP on lung epithelial cells (Amara et al., 

2007; Watterson, Sorensen, Martin, & Coulombe Jr, 2007) and cardiovascular cells 

(Suzuki, Taneda, Fujitani, & Li, 2008). Furthermore, more recent studies have shown that 

certain size portions of DEP may translocate into circulation following inhalation and 

exhibit neurological toxicity (A. Peters et al., 2006).  

Therefore, the general goal of this thesis is to examine and understand the 

interactions between low oxygen conditions, the toxicity of DEP, and the toxicity of a 

potential oxygenating therapeutic. Additionally, the toxicity of mixtures of DEP and the 

oxygenating compound will be assessed. The efficacy of the oxygenating compound will 

be assessed by investigating whether the effect of the mixture is additive or antagonistic.  
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CHAPTER TWO 

 

Background 

 

 

Molecular and Cellular Adaptations to Hypoxia 

 

Preserving optimal oxygen levels is of vital importance for normal cell 

functioning in all metazoan organisms. Oxygen is a necessary component of cellular 

respiration and energy production due to its role in aerobic adenosine triphosphate (ATP) 

synthesis  (Rich, 2003). In most eukaryotic cells, this synthesis process takes place in the 

mitochondria, and involves a series of electron transfer reactions, generating energy that 

is used to create a proton gradient across the mitochondrial membrane. This gradient is 

subsequently used to drive the phosphorylation of adenosine diphosphate (ADP) to ATP, 

which can then serve as a source of energy for cellular functions. This electron transport 

chain utilizes oxygen as a final receptor of electrons, without which aerobic respiration in 

non-photosynthetic cells would cease.  

The major component of oxygen regulation in the body is hypoxia inducible 

factor 1 ( HIF-1) (Gregg L. Semenza, 2007). HIF-1 is a transcription factor belonging to 

the helix–loop–helix-PER-ARNT-SIM family of transcription factors (Guang L Wang, 

Jiang, Rue, & Semenza, 1995). It is therefore a heterodimer composed of two subunits: 

HIF-1α and HIF-1β and is detected in cells under low oxygen conditions while its 

concentration rapidly declines at normal oxygen conditions. The production of both 

subunits is constitutive and oxygen-independent. However, only HIF-1α’s degradation is 

regulated through oxygen-dependent mechanisms (Ivan et al., 2001). This degradation 
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occurs through the hydroxylation of two domains within HIF-1α by both proline and 

asparagine hydroxylase enzymes, in turn facilitating the subunit’s interaction with the 

von Hippel–Lindau tumor suppressor protein through increasing the binding affinity by 

up to 1000 fold, the results of which is the destruction of HIF-1α through a ubiquitin-

proteasome pathway (P. H. Maxwell et al., 1999; C. T. Taylor, 2008). The hydroxylation 

of the degradation domains on the alpha subunit requires the presence of oxygen, and is 

therefore inhibited in hypoxic conditions, allowing for the accumulation of HIF-1 (Kaelin 

& Ratcliffe, 2008). The accumulation of HIF-1 activates a response that relies on a 

number of genes related to angiogenesis, glycolysis, and other functions aimed at 

mitigating the effects of oxygen deprivation (Hu et al., 2006).  

HIF-1 was first identified as a protein that binds to the 3′-flanking region of the 

human erythropoietin (EPO) gene during hypoxia in Hep3B liver cancer cells (Gregg L 

Semenza & Wang, 1992). Further experiments demonstrated that the induction of HIF-1 

itself under hypoxia was not exclusive to EPO-producing cells such as Hep3B, but was 

present in other mammalian non-EPO-producing cell lines including CHO, Rat1 

fibroblast cells, and C2C12 mouse myoblast cells, and that the transfection of the EPO 

enhancer into non-EPO-producing cells amplified the transcription of reporter genes 

under hypoxia (P. Maxwell, Pugh, & Ratcliffe, 1993; G. L. Wang & Semenza, 1993). 

This suggested a prime role for HIF-1 in oxygen sensing and response in a wide array of 

cells and a transcriptional activity that extended beyond EPO gene activation.  

The next identified target of HIF-1 regulation as a set of genes encoding the 

production of several glycolytic enzymes. RNA levels of phosphoglycerate kinase 1, 

pyruvate kinase, and aldolase A genes were all observed to accumulate in mammalian 
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cells following hypoxia, a response which was inhibited by cycloheximide, indicating a 

HIF-1 mediated pathway (Gregg L Semenza, Roth, Fang, & Wang, 1994). Additional 

HIF-1α gene targets were identified by comparing gene expression patterns between 

VHL-null and wildtype cells (Wykoff, Pugh, Maxwell, Harris, & Ratcliffe, 2000). Since 

then, more than 60 different genes have been identified as possible HIF-1 targets, 

although the strength of evidence varies depending on the method of identification 

(Gregg L Semenza, 2003). 

Other hypoxia regulatory molecules include HIF-2α, a paralogue of HIF-1α which 

was initially cloned and characterized in the endothelium of mouse embryos as a Per-

Arnt-Sim protein domain transcription factor and was termed EPAS1 (Tian, McKnight, 

& Russell, 1997). HIF-2α is subject to similar protein regulation mechanisms, whereby 

post-translational modifications by proline and asparagine hydroxylase result in VHL-

dependent proteolysis and a blocking of transcriptional activity (Schofield & Ratcliffe, 

2004).  Another oxygen regulatory factor, HIF-3α, was identified later. This factor 

dimerizes with HIF-1β and binds to the hypoxia response element on target genes, and is 

upregulated during low oxygen conditions as a result of HIF-1 binding to the regulatory 

cis-element of its gene (Gu, Moran, Hogenesch, Wartman, & Bradfield, 1998; Makino et 

al., 2007). However, unlike other HIFs, HIF-3α plays an inhibitory role in hypoxia-

induced adaptations. The suppression of HIF-3α in vivo elevates physiological adaptions 

to hypoxia and increases physical endurance (Drevytska et al., 2012). The inhibitory 

mechanism occurs through a HIF-3α splicing variant acting as an inhibitor of HIFs by 

interfering with their binding to the hypoxia response element of target genes (Makino 

and others 2002). The result of the upregulation in HIF-3α production during hypoxia and 
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its inhibitory effects on other HIFs is a negative feedback loop whereby the onset of 

hypoxia permits HIF-1 accumulation, which in turn upregulates the expression of HIF-3α 

which undergoes hypoxia-mediated splicing into a protein inhibiting the binding of HIF-

1to target genes. 

While HIFs are the primary elements of cellular hypoxia regulation, some HIF-

independent mechanisms of regulation have also been identified. For instance, the 

activity of mammalian target of rapamycin (mTOR) is inhibited by hypoxia, a response 

that is dominant over its activation from other growth factors and nutrients (Arsham, 

Howell, & Simon, 2003). mTOR regulates cellular functions related to cell proliferation, 

growth, and metabolism via its influence on ribosomal mRNA translation (Inoki, Li, Zhu, 

Wu, & Guan, 2002; Schmelzle & Hall, 2000). The exact pathway involved in the HIF-

independent hypoxic regulation of mTOR may vary depending on the exact experimental 

conditions. In some cases, the hypoxic regulation of mTOR is dependent on the protein 

tuberous sclerosis complex 2 (TSC2) and the enzyme AMP-activated protein kinase 

(AMPK), both of which are known to be upstream regulators of mTOR signaling (Inoki 

et al., 2002; Liu et al., 2006). On the other hand, isolated AMPK from human embryonic 

kidney 293 cells did not exhibit significant activation (Arsham et al., 2003). To 

complicate matters further, mTOR also appears to be regulated by another pathway 

which is HIF-dependent (Brugarolas et al., 2004). While this pathway also relies on 

TSC2, it requires the regulated in development and DNA damage response 1 (REDD1) 

gene, which has been identified as a target of HIF-1 and is upregulated during hypoxia 

(Shoshani et al., 2002).  
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Given that numerous genes are targets of HIF-1, the result of these molecular 

adaptations is a set of wide-ranging shifts in cellular functions related to metabolism, 

angiogenesis, proliferation, apoptosis, and membrane permeability during hypoxia. 

Cellular metabolic shifts under low oxygen are characterized by an upregulation of the 

activity of glycolytic enzymes, resulting in an AMPK-mediated increase in the rate of 

glycolysis (Marsin, Bouzin, Bertrand, & Hue, 2002; Robin, Murphy, & Theodore, 1984). 

This is an important adaptation for maintaining cellular energy supplies as cells shift 

from aerobic oxidative phosphorylation to the far less efficient anaerobic respiration, a 

phenomenon known as the Pasteur effect (Seagroves et al., 2001). Furthermore, protein 

synthesis is largely inhibited in hypoxic conditions (Kwast & Hand, 1996; Tinton, Tran‐

Nguyen, & Buc‐Calderon, 1997). This occurs primarily at the translational level and 

includes inhibition of both initiation and elongation via phosphorylation of proteins 

necessary for ribosomal function such as eIF2α and eEF2 (Koumenis et al., 2002; Liu et 

al., 2006). Given that protein synthesis drives the majority of ATP demand in cells (Rolfe 

& Brown, 1997), the reduction in protein synthesis is an effective adaptational shift for 

conserving ATP, reducing ATP demand in severe hypoxia down to around 7% of 

normoxic levels (Hochachka et al., 1996). Upregulation of anaerobic glycolysis and 

suppression of the protein synthesis allow cells to maintain homeostatic levels of ATP 

during hypoxia, as observed in vivo (Donohoe & Boutilier, 1998). 

To further conserve energy, DNA replication is inhibited in hypoxic cells, thereby 

arresting the G1/S-phase transition as observed by accumulation of G1 cells in cultures 

subjected to hypoxia (G. Probst, Riedinger, Martin, Engelcke, & Probst, 1999; H. Probst, 

Hamprecht, & Gekeler, 1983). This cell cycle arrest occurs via regulation mechanisms 
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that are independent of the p53 tumor suppressor protein, and therefore distinct from 

those brought on by other types of cellular stress such as ionizing radiation (Graeber et 

al., 1994; Green & Giaccia, 1998). It is likely mediated by regulation of p21 and p27 

expression indirectly via inhibition of the oncogene c-Myc, a known suppressor of their 

transcription (Gardner et al., 2001; Koshiji et al., 2004). The result of this cell cycle arrest 

is a decrease in proliferation in cells under hypoxic conditions in most cell types (Hubbi 

& Semenza, 2015). However, some cells may maintain their proliferate capacity under 

hypoxia, while other exhibit increased proliferation in certain hypoxic conditions. For 

instance, cancer cells are able to survive and proliferate despite the present of hypoxic 

regions within tumor masses, some of which are characterized by extreme hypoxia 

(Gwak et al., 2005; Muz, de la Puente, Azab, & Azab, 2015; Volm & Koomägi, 2000; 

Xue, Li, Li, & Chen, 2014).  

 

Hypoxia and Disease 

 

The wide range of effects induced at the cellular level by hypoxia translate to 

adaptations and disturbances at the physiological level, as evident by the role hypoxia 

plays in the onset, progression, and prognosis for several diseases. In the context of lung 

disease, prolonged alveolar and systemic tissue hypoxia may be the result of lung 

conditions such as chronic obstructive pulmonary disease (COPD), pneumonia, fibrosis, 

and some neurological conditions (Agustí et al., 2003; Wright, Levy, & Churg, 2005). 

Sustained hypoxia in lung tissue is linked to a remodeling of vascular structures, 

including an increase in the presence of small muscle-like cells of the alveolar wall 

(Stenmark Kurt, Fagan Karen, & Frid Maria, 2006). This is observed as the appearance of 

cells expressing alpha smooth muscle actin (α-SMA) in the alveolar wall. α-SMA is an 
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actin isoform typically associated with vascular smooth muscle cells (Hinz, Celetta, 

Tomasek, Gabbiani, & Chaponnier, 2001). Given that the alveolar wall is normally 

devoid of muscle cells, the appearance of small muscle-liked cells contributes to an 

increase in its thickness. Furthermore, phenotypic shifts of the endothelial cells 

comprising the pulmonary vasculature such an increases in the growth and size are 

observed (Belknap, Orton, Ensley, Tucker, & Stenmark, 1997; Meyrick & Reid, 1980; 

Stenmark & Mecham, 1997). Accompanying these shift are functional disruptions 

including increased permeability and vascular endothelial growth factor production 

(Carpenter, Schomberg, & Stenmark, 2005) and increases in the production of laminin, 

fibronectin, and elastin (Botto, Beretta, Daffara, Miserocchi, & Palestini, 2006). This 

vasculature remodeling links prolonged hypoxia to the onset of several pathologies such 

as high-altitude pulmonary edema and chronic pulmonary hypertension (Swenson, 2006; 

Voelkel & Tuder, 2000). 

This link between hypoxia and lung disease may involve the induction of 

microRNAs, small stands of RNA which function as regulators of gene expression in 

animal cells via inhibiting the initiation of translation and promoting mRNA instability 

(Gebert & MacRae, 2019). It has been demonstrated that hypoxia induces the production 

of microRNAs involved in pathologies such as cancer (Kulshreshtha, Ferracin, Negrini, 

et al., 2007; Kulshreshtha, Ferracin, Wojcik, et al., 2007), and that some microRNAs may 

be involved in lung disease through the activation of immune cells linked to 

inflammatory lung pathways (Rodriguez et al., 2007). Another potential cellular 

mechanism is the effect of hypoxia on membrane voltage of pulmonary smooth muscle 

cells. Following acute hypoxia, voltage-gated potassium channels are closed resulting in 
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membrane depolarization and an influx of calcium ions into the cell (Reeve, Archer, & 

Weir, 1997). This disruption of ion channels could play a role in the pulmonary smooth 

muscle dysfunction observed during hypoxic pulmonary hypertension.  

Aside from its induction of other pulmonary pathologies, COPD has also been 

linked to declines in cognition and the onset of neurodegenerative diseases like 

Alzheimer and its associated dementia (Antonelli-Incalzi et al., 2007; Hung, Wisnivesky, 

Siu, & Ross, 2009; R. A. Incalzi et al., 1993). This link does not necessarily establish the 

direct role of hypoxia in COPD-associated neurodegeneration and cognitive decline, 

especially since COPD exhibits comorbidity with a number of conditions associated with 

neurodegenerative disease including obesity (Gustafson, Rothenberg, Blennow, Steen, & 

Skoog, 2003) and metabolic cardiovascular syndrome (Kalmijn et al., 2000). However, 

several indicators point to hypoxia as a key element in the onset of neurodegeneration in 

COPD patients. For instance, cerebral hypoperfusion is a hallmark of hypoxemic COPD 

and its pathophysiology (De la Torre, 2000; Raffaele Antonelli Incalzi et al., 2003), and 

has been associated with an increase in cerebral hypoxia-induced mediators (Yang et al., 

2013). Furthermore, the bioenergetics of patients with COPD have been observed to shift 

towards an elevated reliance on anaerobic metabolism, suggesting oxygen-starvation 

within cerebral tissue (Mathur et al., 1999).  

The link between hypoxia and neurodegenerative disease is dependent upon inter-

individual variation in the HIF-1-mediated cellular adaptations to low oxygen. In 

amyotrophic lateral sclerosis (ALS), disease onset and severity is linked to low levels of 

VEGF motor neuros within the central nervous system (Bogaert, Damme, Van Den 

Bosch, & Robberecht, 2006). Given that upregulation of VEGF expression is a HIF-1-
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mediated cellular response to hypoxia (Namiki et al., 1995), the severity of hypoxia-

induced neurodegeneration in ALS may be related to the robustness of the HIF-1 VEGF 

response. This is confirmed by studies which demonstrate lack of VEGF overexpression 

in response to hypoxia in ALS patients (Moreau et al., 2006), while mouse models 

lacking the VEGF hypoxia response element exhibit exaggerated motor neuron 

degeneration characteristic of ALS  (Devos et al., 2004). The amelioration of neural 

degeneration by VEGF occurs through its induction of angiogenesis, resulting  in a 

reinforcement of adequate blood and oxygen supplies to neurons undergoing hypoxia 

(Bogaert et al., 2006). VEGF also confers direct neuroprotective effects on neural cells 

undergoing duress as demonstrated by its ability to rescue hippocampal cells from death 

under serum deprivation (Jin, Mao, & Greenberg, 2000).  

Some evidence also exists for a protective role of HIF-1 in Alzheimer’s Disease 

(AD), another common neurodegenerative disorder. For instance, increased expression of 

HIF-1-α is associated with the protection of cultured neurons against amyloid β-peptide 

(25-35), a peptide fragment implicated in the pathology of AD (Avramovich-Tirosh, Bar-

Am, Amit, Youdim, & Weinreb, 2010; Selkoe, 2001). The protective effect of HIF-1 in 

AD may be due to shifts in cellular functions that run counter to those observed in the 

course of disease onset (Soucek, Cumming, Dargusch, Maher, & Schubert, 2003). 

 

Oxygenating Therapeutics 

 

Given the implication of hypoxia in several disease pathologies, several existing 

and emerging solutions have been developed to deliver oxygen to hypoxic tissues and 

alleviate the immense cellular stress inflicted by oxygen deprivation. Currently, the only 

viable and available option (HBO), whose popularity as a treatment method has steadily 



 14 

increased since the 1960s (Gill & Bell, 2004). In this type of treatment, patients are 

placed in a pressurized space containing oxygen pressures ranging between 2-3 

atmospheric pressure for durations lasting up to 90 minutes (D'Agostino Dias, Fontes, 

Poggetti, & Birolini, 2008). The efficacy of HBO has been demonstrated in several 

applications such as the promotion of wound healing and the treatment of crush injury 

and traumatic brain injury (Bennett, Trytko, & Jonker, 2012; Daugherty, Levasseur, Sun, 

Rockswold, & Bullock, 2004; Mills, 2012; Myers, 2000). While generally safe, HBO’s 

biggest disadvantages are a lack of mobility and the associated costs for maintaining and 

operating the compressed chamber. These limitations have necessitated the development 

of other alternatives for oxygenating therapeutics which can achieve the goal of 

delivering oxygen to hypoxic tissues while retaining mobility.  

One such class of therapeutics are hemoglobin-based oxygen carriers, a blood 

substitute which relies on the isolation and engineering of hemoglobin from animal or 

human sources and their delivery into the bloodstream of target patients (Winslow, 2000). 

This engineering of isolated hemoglobin is typically aimed at the creation of hemoglobin 

tetramers which prolong its half-life in the blood and protects from the renal toxicity 

observed from the rapid excretion of hemoglobin dimers (Looker et al., 1992). The 

generation of such tetramers relies on two main approaches. The first involves the 

induction of cross-linking within the hemoglobin structure and between different 

hemoglobin molecules (Chang, 1998), and the second involves a process known as 

PEGylation, whereby polyethylene glycol is used to coat the surface of hemoglobin 

molecules, thereby increasing their weight and allowing for the formation of stable 

tetramers (Vandegriff, McCarthy, Rohlfs, & Winslow, 1997). These approaches have 
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yielded a variety of hemoglobin-based products, some as the result of refined chemical 

processing (Chatterjee et al., 1986; Y. Wang et al., 2017), and others a result of biological 

recombinant technology producing stable human hemoglobin from E. coli (Hoffman et 

al., 1990). Such different variants of hemoglobin-based blood substitutes have shown 

efficacy in delivering oxygen to various tissues and several have made it to phases II and 

III clinical trials, while a minority have been approved for veterinary use and the 

treatment of anemia in humans (Meng et al., 2018). Unfortunately, despite the promise of 

emerging hemoglobin-based solutions, many concerns about safety remain as several 

adverse effects are observed during trials, including pancreatic, cardiac, and elevated 

mortality issues (Alayash, 2004; Murray et al., 1995; Silverman & Weiskopf, 2009; Sloan 

et al., 1999). 

Another class of oxygenating agents developed is perfluorocarbons. These large, 

inert substances have been studied as potent oxygen carriers due to their high capacity to 

dissolve oxygen, which can reach up to 25 times that of water or blood (K. C. Lowe, 

1999). Unfortunately, due to their size and structure, perfluorocarbons are hydrophobic, 

and therefore are not soluble blood plasma or cell culture media, which limits their 

efficacy when used directly (Hendrik Bergert et al., 2005). A solution to this obstacle is 

the creation of perfluorocarbon emulsions using various phospholipids and other 

proprietary chemical techniques, producing emulsions with particle sizes as small as 0.2 

µm (D. R. Spahn, 1999). These emulsions have demonstrated oxygenating efficacy both 

in cell culture systems and in vivo (Goh, Gross, Simpson, & Sambanis, 2010; Palumbo et 

al., 2014) and in clinical studies (Keipert et al., 1994; Mosca et al., 1996; Donat R. M. D. 

Spahn et al., 1999). However, like other blood substitute products, perfluorocarbons have 
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been implicated in problematic side effects involving changes in liver and spleen weights 

and the manifestation of flu-like symptoms (Kenneth C. Lowe, 1994; Kenneth C Lowe, 

1997; Zuck, Riess, & Biro, 1994). 

Ox66™ is an aluminum oxide-based novel oxygen-containing compound 

developed by Hemotek, LLC with the aim of addressing the challenge of providing an 

effective, portable, and affordable oxygenating agent for use in both trauma and long-

term biomedical situations. Unlike hemoglobin-based and perfluorocarbon blood 

substitutes, Ox66™ is in powder form, and currently requires minimal post-production 

preparation, although solubility in aqueous solutions remains a concern. It has shown 

promise in providing oxygenation following ingestion while also exhibiting a favorable 

safety profile (Zhang et al., 2019). It is not yet clear what the mechanism of action by 

which Ox66™ may transport oxygen is. One possible hypothesis involves the trapping of 

oxygen inside the chemical structure in a manner similar to the storage of gases by metal-

organic frameworks, although no visible gas desorption has been observed in aqueous 

solutions. These compounds are produced through a special synthesis process that links 

various molecular blocks containing metallic and organic elements together using strong 

bonds (Yaghi et al., 2003), and their unique molecular and structural properties allow 

them to store different gases such as hydrogen and methane (Rosi et al., 2003). Another 

hypothesis involves the chemical transfer and exchange of oxygen between Ox66™ and 

hemoglobin in the bloodstream, thereby rendering Ox66™ an active oxygenating agent 

only in specific physiological settings and conditions. Understanding the structure of 

Ox66™, the mechanism with which it transports and delivers oxygen, and the conditions 
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under which such a mechanism works optimally is of vital importance to the 

development of higher-efficacy versions and of new classes of oxygenating therapeutics. 

 

Air Pollution and Particulate Matter Toxicity 

 

 The gradual increase in air contaminants has increasingly become a regional and 

global problem since the rapid industrialization that began to take place in the United 

States and Europe in the 18th century. Several analytical techniques have been leveraged 

to monitor the long-term trends of air quality components such as carbon dioxide and 

lead deposition measures since the industrial revolution (Bogan, Ohde, Arakaki, Mori, & 

McLeod, 2009; Weiss, Shotyk, Appleby, Kramers, & Cheburkin, 1999). Despite the 

breadth and reach of global air pollution, its health implications have only been the focus 

of intense scientific investigation in the last few decades. Up until the 1950s, health risk 

assessments involving inhalation routes of exposure were focused on agents of chemical 

warfare and certain hazardous work conditions (D. L. Costa, 2018).  

Propelled by advances in the analytical characterization of air pollution and its 

components (Kay, 1957), and inspired by the increasingly noxious smog of large urban 

centers like Los Angeles and events such as the 1952 London Fog Incident, an 

understanding of the link between public health and air pollution began to emerge 

(Logan, 1953). In 2019, the mortality burden of air pollution was estimated by the World 

Health Organization to be around 4 million deaths annually (X. Li, Jin, & Kan, 2019). 

Furthermore, the risks posed by air pollution interfaces with socioeconomic inequalities 

and levels of urban development, posing an unequal burden where socioeconomic and 

developmental divides render certain populations more vulnerable and disproportionately 

affected (Ji, Zhu, Lv, & Shi, 2019; Samoli et al., 2019).  
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The mortality burden associated with air pollution stems from its role in the 

prevalence of several diseases and its detrimental effects on several organs and body 

systems both in the short and long term. The respiratory system, for instance, is highly 

vulnerable to contaminants present in the air given its role as the first line of defense 

against inhalation exposures, with irritation, bronchoconstriction, and shortness of breath 

observed followed short-term exposures (Balmes, Fine, & Sheppard, 1987; Kagawa, 

1985). Chronic exposures, on the other hand, are associated with reduced lung function 

and the onset of chronic diseases such as asthma, emphysema, and lung cancer (Kuo, 

Wong, Lin, Lai, & Lee, 2006; Nawrot et al., 2006; Tager et al., 2005). The health 

consequences of air contamination is not confined to the respiratory tract, however, as 

components of air pollution have been observed to translocate across the lung epithelium 

and into circulation (Ghio & Huang, 2004). For the cardiovascular system, this translates 

into increased inflammation and impaired cardiac rhythm and blood coagulation in 

otherwise healthy adults (Riediker et al., 2004). Other serious cardiovascular health 

outcomes include an increased risk of myocardial infarctions (Vermylen, Nemmar, 

Nemery, & Hoylaerts, 2005) and ischemic heart disease (Dalton et al., 2001). In the 

central nervous system, increased air pollution is linked with the onset of neuropathies 

manifesting as decreased cognitive function, headaches, fatigues, and increased incidence 

of neurodegenerative and neurodevelopmental diseases (Xu, Ha, & Basnet, 2016). Other 

systems such as the urinary and digestive are also affected with increased prevalence of 

stone formation and liver damage  (Damek-Poprawa & Sawicka-Kapusta, 2003; Mandal, 

2005). 
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While air pollutants comprise a diverse set of compounds in various forms, one 

component of interest for its human health implications is particulate matter. This 

component is not a uniform compound but rather a complex mixtures of various organic 

and inorganic chemicals, metals, and dust particles all suspended within ambient air due 

to their small size, and is responsible for the majority of the reliably attributed 

contributions of air pollution to the global mortality burden (Anderson, Thundiyil, & 

Stolbach, 2012; Pope et al., 1995). Suspended particulate matter usually contains a wide 

distribution of size fractions, and the potential adverse effects on human health for 

specific particles is dependent of their size (Kim, Kabir, & Kabir, 2015). Given the 

irregular nature of particulate matter shape, standardized size categorizations are 

challenging. The Environmental Protection Agency (EPA) in the United States has 

categorized particulate matter based on its aerodynamic diameter, defined as the diameter 

of a sphere with a density of 1 g/cm3 which settles in the air at a similar velocity 

(Esworthy, 2013). The EPA’s two main designations within this system are particles with 

an aerodynamic diameter less than 10 μm, designated as PM10, and those with an 

aerodynamic diameter less than 2.5 μm, designated as PM2.5. A third category of fine 

particulate matter with an aerodynamic diameter of less than 0.1μm (PM0.1), and referred 

to as ultra-fine particles (UFP) has emerged in recent toxicological research due to unique 

physiochemical and biological properties (Hasheminassab, Daher, Schauer, & Sioutas, 

2013). The differential toxicity profiles of the various size distributions may be attributed 

to several factors relating to differences both in chemical composition and physical 

attributes. For instance, the size of particulate matter is linked to its penetration depth and 

retention time in human lungs, with smaller particle sizes able to escape various 
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respiratory filtering mechanisms and deposit deeper into the lung but exhibiting lower 

overall retention times (J. Brown, Cook, Ney, & Hatch, 1950). Furthermore, smaller 

particles sizes contain a larger fraction of redox active compounds and exhibit higher 

availability and ability to translocate across the lung epithelium and into circulation 

(Araujo & Nel, 2009). These properties allow particulate matter from air pollution to 

exhibit their extrapulmonary effects on the cardiovascular, hepatic, and central nervous 

systems (Furuyama, Kanno, Kobayashi, & Hirano, 2009; Kreyling, Semmler-Behnke, & 

Möller, 2006). 

In urban areas, a major fraction of particulate matter contamination are diesel 

exhaust particles (DEP), formed as the result of exhaust emissions from incomplete 

combustion in diesel engines (Cassee, Héroux, Gerlofs-Nijland, & Kelly, 2013). These 

particles usually consist of complex mixtures of a carbon cores surrounded by inorganic 

and biologically active organic components such as polynuclear aromatic hydrocarbons 

and some of their quinone derivatives (Cho et al., 2004; Schuetzle, Lee, Prater, & Tejada, 

1981). The large presence of DEPs in particulate matter air pollution has resulted in their 

use as a model for the health effects and mechanism of particulate matter exposure in 

vivo and in vitro (Lawal, Davids, & Marnewick, 2016; Møller et al., 2016). 

In vitro studies of DEP exposure have demonstrated a dose-dependent cellular 

damage and inhibition of cellular growth in several human lung cell lines including 

endothelial and epithelial cells and macrophages (Bhavaraju et al., 2014; Lawal et al., 

2016; Su et al., 2008). Similar cytotoxic effects have been observed in animal cell models 

such as mouse fibroblast and endothelial cells and rat endothelial cells and macrophages 

(Bünger, Krahl, Franke, Munack, & Hallier, 1998; Hirano, Furuyama, Koike, & 
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Kobayashi, 2003; Jacobsen et al., 2008; N. Li, Wang, Oberley, Sempf, & Nel, 2002). 

Furthermore, the ability of certain fractions of particulate matter to translocate across the 

lung epithelium and reach systemic circulation has prompted research into its effects on 

cells outside of the pulmonary tract. For instance, the cytotoxic effects of DEP are 

observed in human and cells including dopaminergic neuros and microvascular 

endothelial cells (Tobwala et al., 2013). Aside from their cytotoxic effects, DEP are 

linked to activation of inflammatory pathways in cell cultures as demonstrated by the 

elevation of pro-inflammatory cytokines following exposure, including interleukin 6, 

interleukin 8, tumor necrosis factor alpha, interleukin 1 beta (Hashimoto et al., 2000; 

Mitsushima et al., 2008; Tseng, Wang, & Chao, 2017). DEP also exert genotoxic effects 

and DNA damage in various cell lines (Don Porto Carero, Hoet, Verschaeve, Schoeters, 

& Nemery, 2001; Dybdahl et al., 2004; Jacobsen et al., 2008). 

The adverse effects of air contaminants in general, and especially particulate 

matter is due to their exertion of oxidative stress via generation of reactive oxygen 

species (ROS) in excess of the cellular ability to neutralize (Crobeddu, Aragao-Santiago, 

Bui, Boland, & Squiban, 2017; MohanKumar, Campbell, Block, & Veronesi, 2008). 

These species are responsible for the damage of several cellular components including 

proteins, lipids and DNA, resulting in loss of cellular viability and integrity and an 

increased incidence of harmful mutations (Floyd, 1990; Halliwell, 1999; Stadtman & 

Berlett, 1991). While ROS also play a role in the elevation of pro-inflammatory markers 

observed during DEP exposure (Donaldson et al., 2003; Møller et al., 2014), other 

inflammatory mechanisms may be involved. Chemicals within DEP admixture may 

disrupt cellular membrane fluidity and structure and alter the function of transmembrane 
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proteins responsible for the control of calcium ion flux, thereby initiating cellular 

pathways that involve the production of pro-inflammatory cytokines  (Fariss, Gilmour, 

Reilly, Liedtke, & Ghio, 2013; Johan Øvrevik, Refsnes, Låg, Holme, & Schwarze, 2015; 

Tekpli, A Holme, Sergent, & Lagadic-Gossmann, 2011; Tekpli, Holme, Sergent, & 

Lagadic-Gossmann, 2013). Another mechanism involves the activation by DEP of the 

cytosolic aryl hydrocarbon receptor protein, which is involved in the regulation of pro-

inflammatory gene expression (Fardel, 2013; Totlandsdal, Cassee, Schwarze, Refsnes, & 

Låg, 2010). DEP exposure is also implicated in the activation of epidermal growth factor 

receptor signaling pathways leading to an upregulation of cytokine production (Pourazar 

et al., 2008). While the production of pro-inflammatory cytokines at the site of exposure 

is not necessarily a driver of systemic inflammation, such local inflammation is 

implicated in diseases such as COPD, AD, and coronary heart disease (He, Chen, Chen, 

Wu, & Cai, 2010; G. D. Lowe, 2006; McGeer & McGeer, 2002). 

 

Aims and Objectives 

 

 

Characterization of Ox66™ 

 

 The exact chemical formula and structure of Ox66™ remains unknown. 

Furthermore, no conclusive hypothesis yet exists for the mechanism of action for any 

possible oxygenating efficacy. The first objective of this study is to gain more insight of 

the chemical structure and activity of Ox66™ using several chemical analytical 

techniques. Energy-dispersive x-ray spectroscopy, powder infrared spectroscopy, electron 

ionization mass spectrometry, and powder x-ray diffraction were chosen to study 

different aspects of structure and activity, including elemental composition, possible 
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ligands, ligand exchange activity in solution, and the presence and characteristics of a 

crystalline structure. Insights into structure and activity may provide the basis for 

formulating possible hypothesis about the mechanism of action and behavior in solution 

and biological tissue. 

 

Cytotoxicity and the Effect of Hypoxia 

 

Another objective of the study is to investigate the effect of hypoxia on the 

cytotoxic response of four different cell lines following exposure to diesel exhaust 

particles, Ox66™, and a mixture of both. The chosen cell lines represent two organs 

across two organisms: Human and rat astroglia cells and type II pneumocytes. The choice 

of cells from different organs and organisms allows for the comparison of the effect of 

hypoxia on cytotoxicity in different organs while assessing the translatability of certain 

rat cell models for human cytotoxicity. The choice of two compounds reveals whether the 

effect of hypoxia on cytotoxicity is compound-specific, while mixture exposures allow 

insights into the possible efficacy of Ox66™ oxygenation in vitro.  

 The three cytotoxic end points chosen for this assessment are cell integrity, cell 

proliferation, and the levels of three pro-inflammatory cytokines: interleukin-6, 

interleukin-8 (KC/gro in rat cells), and tumor necrosis factor alpha. Cell integrity measure 

membrane integrity damage caused by compound exposure in the studied conditions. Cell 

proliferation is dependent on the ability of the compound to kill cells and to induce cell-

cycle arrest, although the results cannot distinguish between these two specific effects. 

Pro-inflammatory cytokine production is an indicator of general cellular stress and the 

capacity of compounds to induce local inflammation. In general, cells experiencing 

increased stress would demonstrate higher cell membrane damage, lower proliferation, 
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and higher pro-inflammatory cytokine production. The main hypothesis is that hypoxia 

would exacerbate the cytotoxicity of all compounds across all cell lines. In mixture 

exposures, the hypothesis is that the toxicity would not be additive, with a toxic trend that 

is lower than that which is calculated by adding the individual toxicities at each 

concentration, thereby pointing to the possibility of amelioration of the exacerbated 

toxicity caused by hypoxia. 
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CHAPTER THREE 

 

Materials and Methods 

 

 

Chemical Analysis 

 

 

Energy-dispersive X-ray Spectroscopy (EDS) 

 

 This analytical technique allows for the analysis of the chemical composition of a 

sample under a scanning electron microscope (SEM) by using a focused x-ray beam 

(Goldstein et al., 2017). The main principle involves the dislocation of electrons from the 

inner shells of atoms, creating an energy vacancy that can be occupied by an electron 

from a higher shell. Since electrons in higher shells contain more energy, the energy 

difference is emitted as x-ray radiation with a specific wavelength. The unique 

distribution of electrons in shells for different atoms grants each element a unique 

distribution of energy differences and stability of inner shell electrons. Therefore, 

measuring the number of emitted rays and their energies allows the estimation of the 

presence of certain elements and their relative abundance. The advantages of EDS are its 

relative ease of use and its ability to estimate elemental composition at different spots on 

the target material, making it ideal for a preliminary exploration of the material 

composition of Ox66™. 

 To prepare a sample of the compound for analysis, a small amount of the raw 

material was placed on a sample holder before insertion into the SEM by placing it on a 

double-sided carbon adhesive tape. It is important to use an adhesive tape to ensure 

sample adhesion to the sample holder so as not to contaminate the microscope chamber. 
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The adhesive tape must also be conductive since non-conductive materials may collect 

the emitted electrons generating large noise. Once inside the SEM, several points on the 

surface of different particles were chosen and the elemental composition reading was 

captured. The choice of several points ensures result accuracy and provides clues about 

the heterogeneity of elemental composition across the surface of the particle. The SEM 

used for this analysis is a Versa 3D Focused Ion Beam SEM, with an EDS system 

provided by EDAX. 

 

Fourier Transform Infrared Spectroscopy (FTIR) 

 

 This technique allows for the measurement of the infrared absorbance of a sample 

simultaneously across a wide range of wavelengths (Smith, 2011). Bonds between atoms 

in any substance are not entirely rigid and exhibit a range of possible motions including 

bending, stretching, and rotation. Much like other elastic substances, each chemical bond 

possesses a natural frequency of vibration which depends on the rigidity of the bond, the 

mass of the involved atoms, and the spatial distribution of the involved and surrounding 

atoms. As the energy of an infrared beam approaches the vibrational frequency of a 

certain bond, increasing amounts of the radiation are absorbed. Thereby, a spectrogram of 

infrared absorption provides information about the types of bonds and atoms present in a 

substance. Fourier transform allows the simultaneous capture of IR absorption across a 

wide range of frequencies as it allows for the generation of an absorption value at 

individual frequencies from an infrared interferogram of a sweep signal containing many 

different frequencies. This technique is also advantageous due to its relative ease of 

operation, although result interpretation is more complex than that of EDS. 
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 To carry out FTIR on a solid sample of Ox66™ without the need for aqueous 

dissolution a proper accessory is used. A small amount of the sample is placed inside the 

accessory which is in turn placed inside the instrument, and the spectrogram is then 

collected and recorded. The instrument used in this study is a Thermo/Nicolet iS-10 FT-

IR with a Smart iTX™ accessory containing a germanium crystal.  

 

Electrospray Ionisation Mass Spectrometry (ESI-MS) 

 

 This mass spectrometry technique provides molecular mass data about a 

compound by utilizing the behavior of charged ions in a magnetic field (Ho et al., 2003). 

Once a sample is in a solution, a high voltage is applied to the liquid which allows its 

aerosolization and subsequent charge. The charged aerosols are then transported via 

electrical potential towards an analysis chamber, during which ionized gas is produced. 

Inside the analysis chamber, a magnetic field is applied and the behavior of the ions in 

the field indicates their mass to charge (m/z) ratio. In this study, an orbitrap analyzer was 

used, trapping the ions in an oscillating magnetic field, and producing an orbital motion 

for each ion. The radius of the rotation, which is dependent on the m/z ratio of trapped 

ions, is measured. A Fourier transform allows for the acquisition of m/z ratio for 

individual ions even while many are present in the trap. The ions are then ejected in order 

of increasing m/z ratios and detected, thereby measuring their abundance. The resulting 

spectrogram therefore provides a tally of m/z ratios with peaks corresponding to their 

abundance. One advantage of the ionization process is that molecules frequently 

fragment, and the acquisition of m/z ratios for the charged fragments provides additional 

information about the structure of the analyte. 



 28 

 To carry out ESI-MS analysis on Ox66™, the sample must first be dissolved in an 

aqueous solution. Since Ox66™ exhibits poor dissolution in water, chemical 

modification of the solution is necessary. Prior experiments have demonstrated that shifts 

in pH away from the neutral state allows for increase dissolution of Ox66™. To achieve 

this, a small sample of Ox66™ was extracted through the tip of a Pasteur pipette and 

added to 10 μl of water. Five drops of a 90% ammonia solution were then added to the 

aqueous mix. To achieve maximum dissolution, the solution vial was occasionally 

inverted for fifteen minutes. Afterwards, a 1:10 dilution of the solution in methanol was 

prepared and mixed well. While these dissolution procedures are not feasible for in vivo 

procedures due to large alterations in pH, they allow an exploration of Ox66™ structures 

using ESI-MS. The final resulting solution was then injected into the instrument and both 

positive and negative spectrograms were acquired and recorded. An ammonia methanol 

blank consisting of a 1:10 dilution of water and 5 drops of 95% ammonia in methanol 

was also analyzed to rule out background solution ions. The instrument used for this 

analysis was an LTQ Orbitrap Discovery from Thermo Fisher Scientific. 

 

X-ray Powder Diffraction (XRD) 

 

Powder diffraction is a technique which uses electromagnetic radiation to provide 

information about the structure of a target powder analyte via analysis of the radiation 

diffraction patterns (Le Bail et al., 2008). When x-ray beams are used, this observed 

diffraction results from electrons in the atoms of the analyte. The diffraction pattern 

provides information about the relative positions of atoms in the compound due to unique 

position-dependent phase shifts. In the case of crystalline structures containing parallel 

lattice planes, additional details about the structure can be inferred due to the Bragg 
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equation, which states that constructive interference of x-ray beams resulting in a 

maximum detected signal is only possible when 2𝑑𝑠𝑖𝑛𝜃 is an integer multiple of the 

beam wavelength. Here, 𝑑 referes to spacing between the parallel lattice planes and 𝜃 is 

half the diffraction angle. XRD therefore reveals whether a compound is crystalline or 

amorphous and gives information about its structure if it is crystalline. 

XRD analysis was performed on a raw Ox66™ sample at the Texas A&M x-ray 

diffraction laboratory with a Lynx-Eye, Bruker-AXS. The source of the x-ray is 1kW Cu 

X-ray tube, maintained at an operating current of 40 kV and 25 mA. The experimental 

parameters were as follows: 

 

Table 3.1. Experimental parameters of powder XRD. 

 

Parameter Value 

Wavelength 1.54060Å 

Detector PSD (Lynx-Eye Bruker AXS) 

Anti-scatter Slit 12.530mm 

Divergence Slit 1.00mm 

Anti-air-scatter Knife edge 

Scan type Coupled theta/2theta 

Goniometer radius 217.5mm 

Start 3 

End 70 

Step Size 0.015 

Total Scan Time 30 mins 

 

 

Cytotoxicity 

 

 

Cell Culture 

 

 Four cell lines were used in this study, all acquired from the American Type 

Culture Collection (ATCC). All culture media was supplemented with 10% fetal bovine 

serum and 1% penicillin to protect against bacterial contamination in addition to any 
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other cell-specific supplements. A549:are type II human lung carcinoma cells. The 

medium used for their culture was F-12K media. SVG p12 are human astrocyte cells 

from human fetal glial cells transfected with an origin-defective mutant simian virus 40 

(SV40). The medium used was Eagle's Minimum Essential Medium. DITNC1 are rat 

astrocytes from the species Rattus norvegicus transfected with the early oncogenic region 

of SV40 with the pGFA-SV-Tt promoter. The medium used was Dulbecco's Modified 

Eagle's Medium. RLE6TN are type II lung epithelial cells and exhibiting spontaneous 

immortalization. The medium used was Ham's F12 containing 2 mM L-glutamine and 

supplemented with 0.01 mg/ml bovine pituitary extract, 0.005 mg/ml insulin, 2.5 ng/ml 

insulin-like growth factor, 0.00125 mg/ml transferrin, and 2.5 ng/ml epidermal growth 

factor. The choices of media and supplementation are all based on ATCC 

recommendations and established lab practice. 

 Upon receipt of the frozen cells, vials were stored in a liquid nitrogen Dewar until 

needed for culture. To establish the first in-lab passage of the cell from a frozen vial, the 

vial was left to thaw at room temperature until fully liquid, and then added to a collagen-

coated culture flask containing approximately 15 mL of appropriate cold media. The 

flasks were then transferred to NuAire cell incubator to grow in conditions of 

atmospheric oxygen, 5% CO2, and 37 0C. The media was aspirated and replaced with 

fresh media after 24 hours. Cells were then monitored daily under a phase shift contrast 

microscope to check viability and confluence, and the media was replaced every 48 

hours. When cells reached 70-80% confluency they were prepared for passaging. For the 

passaging procedure, all reagents including cell media, magnesium-free and calcium-free 

phosphate-buffer saline (PBS), and TrypLE Express cell-dissociation enzyme from Gibco 
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agent were placed in a 37 0C water bath for 30 minutes to reach temperature equilibrium. 

The culture flask was then removed from the incubator, and the culture media was 

aspirated. 15 mL of PBS was then added for 1 minute to prepare cells for dissociation. 

PBS was then aspirated and 4 mL of TrypLE (1x) was added. Cells were monitored under 

a phase shift contrast microscope until sufficient detachment from flask bottom was 

observed. 6 mL of media was then added to the flask, and the mixture was transferred to 

a centrifuge tube. 10 μL was extracted and set aside for counting. The centrifuge tube was 

placed in a centrifuge set for 300 RCF for 7 minutes. During centrifugation, 10 μL of 

trypan blue (0.4%) were added to the counting aliquot, mixed thoroughly, and allowed 30 

seconds for dye infiltration. To count the cells using the Countess II FL cell counter from 

Thermo Fisher, the mixture was placed into the two chambers of the reusable slide and 

inserted into the counting machine to assess number of cells and percentage of viability. 

The acceptable viability threshold was 80%. Following centrifugation, the media was 

visually assessed to ensure complete centrifugation. The media was then aspirated, and 

fresh media was added to the pellet. The volume was chosen so that one million cells 

corresponded to one mL of media. The cells were then vortexed for 10 seconds to ensure 

complete resuspension. Cells were seeded in a flask and in dark 96-well flat bottom 

plates coated with extracellular matrix proteins for adhesion. The density was one million 

cells per plate and one million cells per flask. Each plate well was seeded with 100 μL of 

cell-containing media, with random well-order seeding to minimize the statistical impact 

of cell density variation resulting from technical error. Seeded flasks and plates were 

transferred back into incubator.  Extra cells were transferred to two mL cryogenic vials 

for storage. Media and DMSO were added for a final total volume and a DMSO 
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concentration of 10%. The cryogenic vials were transferred to a Mr. Frosty freezing 

container from Nalgene containing an adequate amount of isopropanol to ensure a safe 

freezing rate. The freezing container was then transferred to a -80 0C freezer, and the 

vials were transferred to liquid nitrogen storage no later than a week. 

 

Compound Preparation and Dosing 

 

 Ox66™ powder was acquired from Hemotek, LLC. DEP from industrial forklift 

(SRM2975) was acquired from the National Institute of Standards and Technology. Prior 

to dosing with DEP, a solution of 200 μg/mL of DEP in the appropriate solution was 

prepared and vortexed for one minute followed by sonication for 45 minutes. After 

sonication the DEP mixture was filtered through a series of GD/X Glass Micro Fiber 

syringe filters from Whatman in the following order: 5 μM then 1.2 μM and then 0.45 

μM. This serial filtering minimizes excessive blockage of the smallest filter with higher 

size fraction, ensuring a consistent filtration process. This filtering of DEP ensures a 

physiologically relevant size fraction as larger sizes are usually not deposited in the 

pulmonary region (Manojkumar, Srimuruganandam, & Nagendra, 2018). Prior to dosing 

with Ox66™, a solution of 1000 μg/mL in the appropriate media was prepared.  

 Plates were dosed one day after seeding unless confluence was less than 60%. For 

the dosing procedure, fresh cell media and all prepared compound solutions were left in a 

37 0C water bath for 30 minutes. Before media aspiration from plate wells, the 

appropriate dilution was prepared to achieve the desired concentration. Media from the 

selected rows was aspirated and then replaced with the media containing the 

compound(s). The dosing process proceeded from the lowest to highest concentrations to 

minimize contamination of the lowest concentrations, and the positive control was added 
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last. For normoxia conditions, the plates were incubated in ambient oxygen and 5% CO2 

at 37 0C. For hypoxia conditions, the incubation was in 2% oxygen and 5% CO2 at 37 0C. 

Nitrogen flushing was used to maintain oxygen levels in hypoxia. The exposure doses for 

DEP were 20 μg/mL, 50 μg/mL, and 100 μg/mL. The exposure doses for Ox66™ were 

50 μg/mL, 100 μg/mL, and 200 μg/mL. The DEP doses were chosen to correspond to the 

concentration ranges tested for in previous studies on particulate matter cytotoxicity, and 

the Ox66™ concentrations correspond to those previously used in lab for cytotoxicity 

studies. For the mixed exposure scenarios, the same concentrations for each compound 

from its single exposure experiment was used. The exposure scenarios included normoxia 

and hypoxia, each in a 24-hour exposure and a 48-hour exposure time. Fresh media was 

used as negative control and Triton X-100 (1%) was used as a positive control for cell 

death in all exposure scenarios.  

 

Cytotoxicity Assays 

 

 

Lactate Dehydrogenase Assay (LDH) 

 

 This assay measures levels of the lactate dehydrogenase enzyme in the cell culture 

media, which is a good indicator of cytotoxicity and cell membrane damage 

(Korzeniewski & Callewaert, 1983). The detection of this enzyme in the media relies on 

leveraging the role of LDH in cellular respiration where it exhibits catalytic activity in the 

conversion of lactate to pyruvate (Parhamifar, Andersen, & Moghimi, 2013). In this 

process, nicotinamide adenine dinucleotide is converted from its oxidized form NAD+ to 

its reduced form NADH, which in turns transforms 2-( p-iodophenyl)-3-(p-nitrophenyl)- 
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5-phenyltetrazolium chloride (INT), a yellow tetrazolium salt, into red formazan. The 

increased presence of red formazan’s color in the media is therefore an indicator of 

increased cellular damage. 

 To carry out this assay, an LDH buffer assay is first prepared with the following 

components and concentrations: 3.2 mM β-nicotinamide adenine dinucleotide sodium 

salt, 160 mM lithium lactate, 15 μM 1-methoxyphenazine methosulfate, 2 mM 

iodonitrotetrazolium chloride in 0.2 M Tris-HCl. 50 μl from each well of the dosed plate 

was transferred to the well of a clear 96-well assay plate. Afterwards, 150 μL of LDH 

assay buffer was transferred to each well of the assay plate. The reaction was incubated at 

room temperature for 10 minutes. The assay plate absorbance at 490 nm was then 

measured and recorded using a plate reader.  

 

 Tetrazolium Assay (MTT) 

 

 This is a cell proliferation and metabolism assay that relies on the transformation 

of  3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) by 

mitochondrial dehydrogenase into blue formazan, a dye lacking water solubility (Morgan, 

1998). Formazan production correlates well with cellular numbers, permitting the use of 

blue color intensity as a measure of cell viability.  

 To perform the MTT assay, a solution of 0.5 mg/ml MTT in Dulbecco's Modified 

Eagle Medium lacking phenol red was prepared. All media from the well plate was 

aspirated and a 100 μL of assay solution was added to each well. The plate was incubated 

for 1.5 hours in corresponding hypoxic or normoxic conditions to allow formation of 

formazan crystals. After incubation, the assay solution was aspirated and 100 μL of 1:1 

ethanol to dimethyl sulfoxide was added to each plate to solubilize the crystals. The 
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plates were placed on a plate shaker with an orbital motion at 400 rpm for 15 minutes to 

ensure complete solubilization. Plates were then read for absorbance at 570 nm with a 

plate reader to measure blue formazan levels.  

 

Cytokine and Chemokine Multiplex 

 

To measure the levels of three cytokines in the media of cells following 48-hour 

exposures in hypoxia and normoxia, the multiplex assay of MAGPIX® from Luminex 

was performed. This assay relies on fluorescence-labeled magnetic beads bound to 

antibodies for target proteins (Perraut et al., 2014). The antibody is then bound to 

phycoerythrin-conjugated streptavidin (PE). The MAGPIX® instrument uses two lasers 

to determine the presence of the target analytes. The first laser identifies the bead, thereby 

categorizing the analyte, and another laser measures the signal from PE. 

 To measure the cytokines and chemokines, panels for human IL-6, IL-8, and 

TNFα and IL-6, KC/GRO, TNFα were purchased from Millipore Sigma. The 

inflammatory markers were chosen as a subset of commonly tested inflammatory 

cytokines in particulate matter cytotoxicity, and their number was kept to three to 

minimize family-wise statistical error. To perform the analysis, the beads for each analyte 

were first sonicated for 30 seconds and then vortexed for one minute. 60 μL from each 

bead vial was then added to the bead mixing vial and the volume was brought to 3 mL 

using the bead diluent followed by vortexing for one minute. Two quality controls were 

used for each panel by adding 250 μL of deionized water to each of the quality control 

vials and then vortexing. The supplied standards were reconstituted with 250 μL each, 

and serial dilutions were then used to obtain the five lower dilutions.  



 36 

 For each plate, 200 μL of wash buffer was added into each well and then mixed 

on a plate shaker for 10 mins, followed by decanting of the buffer. 25 μL of each standard 

and quality control was added to their respective wells, with assay buffer being used for 

the blank standard. Afterwards 25 μL of assay buffer and 25 μL of control media was 

added to each well, followed by 25 μL of the sample media collected from the exposed 

cells. The mixed beads were vortexed again for one minute and 25 μL of the mixed bead 

solution was added to each well. The plate was then sealed with a plastic seal and placed 

on a plate shaker set at 600 rpm for two hours at room temperature. Following this 

incubation, the plate was washed twice with 200 μL of wash buffer in each well. Before 

decanting the wash buffer in each wash, the plate was attached to a magnetic holder that 

allows the beads to settle and protects them from the decanting process. 25 μL of the 

detection antibodies were then added to each well and the plate was sealed and covered in 

foil and then incubated for one hour on a plate shaker at 600 rpm in room temperature. 

After incubation, 25 μL of streptavidin-phycoerythrin was added to each well, and the 

plate was again sealed and placed in foil and incubated on a plate shaker in room 

temperature at 600 rpm. The plate was then washed with wash buffer two more times 

repeating the procedure for preserving the beads. 150 μL of assay buffer was added to 

each well and the beads were resuspended using a plate shaker at 600 rpm for five 

minutes. Finally, the plate was read using a MAGPIX®, and the output was recorded 

using the xPONENT® software.  
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Statistical Analysis 

 

 Each experiment represents 3 plates, yielding an N=3. For the LDH and MTT 

data, data from each plate was standardized to the negative control by using the formula: 

𝑥𝑖 =
𝑥−𝑥𝑐̅̅ ̅

𝑠𝑡𝑑.𝑥𝑐̅̅ ̅
+ 1 

 Where 𝑥𝑖 is the standardized fluorescence of a well, �̅�𝑐 is the mean of the negative 

control values, and 𝑠𝑡𝑑. �̅�𝑐 is the standard deviation of the negative control values. This 

minimizes biases in statistical analyses resulting from variation in the baseline seeding 

density of the cells and background absorbance for each plate. The values for every 

concentration were then averaged across the plate so that each plate represents a single 

sample. 

To analyze the plate data for each assay, linear regression with an interaction 

effect for hypoxia and normoxia was performed for each cell line and in each exposure 

period (24- and 48-hours) and for each compound. For exposure scenarios that showed a 

significant interaction effect (p<0.05), a z-test was carried out for the slopes of the 

regression line to detect statistically significant differences.  

For the cytokine data, the Mann–Whitney U test was used to detect significantly 

statistical differences between hypoxia and normoxia levels of expression for each 

cytokine and across all cell lines and exposure scenarios. 
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CHAPTER FOUR 

 

Results 

 

 

Chemical Analysis of Ox66™ 

 

 Figure 4.1 shows the results of the EDS analysis on a sample of Ox66™. The 

main two elements present in the analysis are oxygen at 64% relative atomic abundance 

and aluminum at 23% relative atomic abundance, with an Al:O abundance ratio of 2.78. 

Chorine is present in small quantities amounting to a 1% atomic abundance, pointing to a 

possible trace contamination rather than a structural involvement. The prominence of 

aluminum and oxygen suggests that Ox66™ possesses a structure similar to aluminum 

oxide compounds. However, the relative abundance of oxygen in Ox66™ is higher than 

aluminum(III) oxide with its molecular formula of Al2O3 and an Al:O abundance ratio of 

1.5. These results are from a single spot on a grain of Ox66. However, they are consistent 

with the results from a different spot on the same grain (Figure A.1), the results of a spot 

from a different grain of the same batch (Figure A.2), and the results of a spot in a 

different batch from a previous analysis carried out in the lab (A.3). These results all 

indicate a range of 2.47 to 2.95 for the Al:O abundance ratio. The results of the FTIR are 

shown in figure 4.2. Here a wide peak of absorbance exists in the 3000-3500 cm-1 range. 

This suggests a large presence of -OH ligands binding to the aluminum atoms in the 

structure. 
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Figure 4. 1. The results of EDS analysis during SEM scan for a selected area on one grain of Ox66™. 

Aluminum and oxygen are the main two elements, with trace amounts of chlorine left. The 

oxygen:aluminum atomic abundance ratio is 2.78, higher than that of aluminum oxide. 

 

 

 
 

Figure 4. 2. FTIR results for Ox66™ powder. A wide absorbance peak is seen between the 3000 and 3500 

cm-1 wavenumbers, suggesting a large presence of -OH ligands bound within the structure. 
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The spectrogram of the positive (figure 4.3)  and negative (figure 4.4) ESI-MS 

analysis for methanol and ammonia shows a number of peaks, however, the low 

abundance of background peaks from the spectrogram with the presence of Ox66™ in 

both positive (Figure 4.5) and negative (4.6) spectra suggests no strong background 

confounding of the results by background noise.  

 

 

 
Figure 4. 3. Positive ion mass spectrometry results for background ammonia in methanol. While many 

peaks are present, their abundance is low in comparison to Ox66™- related peaks. 
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Figure 4. 4 Negative ion mass spectrometry results for background ammonia in methanol. The large 

number of peaks does not confound Ox66™ results due to lower abundance in comparison to compound 

signal.  

 

 
 
Figure 4. 5. Positive ion mass spectrometry results for Ox66™. The most prominent peaks are at 139.05, 

125.04, 110.04, and 85.06. 
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Figure 4. 6. Negative ion mass spectrometry results for Ox66™. The prominent peaks are 151.06, 137.04, 

123.02, 109.01, and 94.99. These peaks represent a series of possible ligand substitutions occurring in 

solution. Removal of two hydrogen atoms and three electrons may explain the difference from the peaks of 

the positive spectrogram. A small peak at 79 may correspond to another ligand replacement in the series. 

 

The results of the negative ion mass spectrometry analysis shown in figure 4.5 

show several peaks with abundances far above the background level. These peaks are at 

139.05, 125.04, 110.04, and 85.06. The negative ion spectrogram in figure 4.6 shows 

high abundance peaks at 151.06, 137.04, 123.02, 109.01, and 94.99. The difference in the 

m/z ratios between the positive and negative spectrogram peaks is around 2, which could 

potentially correspond to a difference of the mass of two hydrogen atoms and three 

electrons. The possible negative ions with exact masses that correspond to the peaks of 

the negative ion spectrogram are shown in figure 4.7. While this pattern of peaks with 

varying abundances is usually characteristic of a fragmentation pattern in mass 

spectrometry experiments, the pattern here seems to arise from a series of ligand 

substitutions, whereby several forms of aluminum oxide chemistries exist in solution and 

are able to bind methyl groups donated from methanol. This suggests a dynamic chemical 

behavior in the dissolved portion of Ox66™ in aqueous solutions.  
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Figure 4. 7. Possible negative ions in solution corresponding to the peaks of the negative ion mass 

spectrometry results. Methyl groups not normally present in Ox66™ structure are able to bind at different 

ligands. This suggests that the mechanism of action may be mediated through such ligand exchanges.  

 

 Figure 4.8 shows the results of the XRD analysis performed on a sample of 

Ox66™. The lack of any sharp peaks indicative of crystalline structure indicates that 

Ox66™ is instead an amorphous compound. Given that a crystalline structure is a 

prerequisite to the identification of detailed structural information through XRD, 

amorphousness remains the only conclusion from this technique.  
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Figure 4. 8. The results of XRD performed on a sample of Ox66™. The lack of sharp peaks suggests an 

amorphous rather than crystalline structure. No further structural information can be inferred.  

 

Cytotoxicity and Hypoxia 

 

 

DEP Interference 

 

 The results of the analysis of the interference of DEP on the LDH assay are 

shown in Fig 4.9. DEP appear to lower the absorbance of the LDH assay. However, a 

Kruskal–Wallis test indicates the difference between the 4 DEP concentrations is not 

significant (p-value = 0.8748). Given the lack of significance for the interference data, no 

correction for DEP interference is necessary.  
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Figure 4. 9. Interference in LDH assay by DEP in media after cell lysis. Error bars indicate standard error 

(N=3). The two higher concentrations show a small decline in absorbance. However, none of the changes 

are significant given the results of the one-way Kruskal-Wallis test (p = 0.8748). No correction is required.  

 

Human Type II Alveolar (A549) 

 

 Fig 4.10 shows the barplot of scaled LDH and MTT results for the A549 cells 

across all exposure scenarios. DEP exposure results in a weak response both for LDH and 

MTT assays. However, Ox66™ and mixture exposures result in a pronounced response 

in the LDH assay, while MTT is a mix between non-monotonic and a sharp decrease in 

two scenarios, normoxia at 48 hours with Ox66™ and hypoxia at 48 hours with a mixture 

exposure.  
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Figure 4. 10. Barplots for LDH and MTT assays for A549 cell line across all exposure scenarios. Response 

is absorbance at 490 nm scaled to control. Error bars indicate standard error (N=3). DEP responses are 

weak for both assays and all exposure scenarios. Ox66™ and mixture exposures exhibit a more marked 

response. Particularly intense are the LDH response for 24-hour exposure to Ox66™ in hypoxia and the 48-

hour response to Ox66™ in normoxia. MTT and LDH responses are not always monotonic. 

 

To compare the intensity of the trends and quantify the effects of hypoxia on the 

cytotoxicity of all exposure scenarios, the confidence intervals and z-tests for the assay 

trends are shown in Fig 4.11. The fitted lines for which these slopes where calculated can 

be found in the appendix, Fig A. 4. The slope analysis reveals generally positive trends 

for LDH, and flat insignificant trends in MTT with 2 exceptions. Three statistically 

significant differences (p < 0.05) between hypoxic and normoxic cytotoxicity trends exist 

LDH in 24-hour DEP exposures, MTT in 48-hour Ox66™ exposures, and MTT in 48-

hour mixture exposures. The decrease in LDH values for the slopes in the linear 

regression model (trend intensity) for DEP between hypoxia and normoxia is 173%. The 
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increase in MTT trend intensity for Ox66™ in the 48-hour exposure is 109%. In 48-hour 

DEP and Ox66™ mixture exposure, the MTT trend decreases by a large 3097%. While 

those 3 trends vary significantly between hypoxia and normoxia, the variance in MTT is 

in opposite directions, and none of the trends in either assay correspond to significant 

trends in the other assay.  

Pro-inflammatory cytokine production analysis for 48-hour exposures (Fig 4.12) 

for this cell line show an increase in IL-8 production in normoxia for both DEP and 

Ox66™ and their mixture, with Ox66™ and mixture exhibiting a more marked response. 

Furthermore, a significant reduction in IL-8 secretion in hypoxia compared to normoxia 

is observed in all exposures, especially for Ox66™ and the mixture. On the other hand, 

IL-6 production is only slightly elevated from controls in all normoxia exposures, and 

hypoxia levels are decreased to lower than both normoxia and control, although the 

difference from normoxia production is only significant in the cases of DEP and Ox66™. 

For TNF-α, only DEP exposure creates a slight elevation from control, and none of the 

hypoxia cytokine levels are significantly different from those of normoxia.
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Figure 4. 11. Assay trends based on 95% confidence interval slopes from linear regression for A549 cells. Dots indicate slop values and Slopes near 0 or within a 

95% CI containing zero are insignificant trends (N=3). * indicates p < 0.05. Three trend differences are significant, two of which are observed in the MTT assay 

and one observed in the LDH assay. Significant trends in either assay are not associated with a significant trend in the corresponding assay.
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Figure 4. 12. Pro-inflammatory cytokines for A549 cells in 48-hour exposures at the highest dose. Error 

bars represent standard error (N=3). * indicates p < 0.05. IL-6 production is slightly elevated in normoxia 

for all exposure compounds and is significantly decreased from normoxia in DEP and Ox66™. IL-8 

production is increased for all compounds and is significantly decreased from normoxia in all compounds. 

TNF-α exposure is slightly elevated in DEP normoxia exposure and no statistically significant difference 

from hypoxia exists in any compound. 

 

Rat Type II Alveolar (RLE6TN) 

 

 The results of the barplot for rat lung cells are in Fig 4.13. While the cytotoxic 

responses of RLE6TN appear to be larger than the human cell line, there is a lack of 

monotonic responses, especially in 24-hour scenarios for LDH. Furthermore, no 

markedly differential responses are evident. In both Ox66 ™ and mixture 48-hour 

exposures a cytotoxic response is confirmed both by an increase in LDH production 

indicating cellular damage and a decrease in MTT production indicating decreased 

viability. 
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Figure 4. 13. Barplots for all exposures scenarios for rat type II alveolar cells (RLE6TN). Response is 

absorbance at 490 nm scaled to control. The error bars represent standard error (N=3). Compared to human 

lung cells, response to DEP and Ox66™ appear non-monotonic, while the mixture responses are clearer. In 

certain scenarios such as Ox66™ and mixture 48-hour exposures, cellular damage is accompanied by a 

reduction in cell viability, affirming the cytotoxic dose-related response.  

 

The plotted linear regression lines for this cell line is in the appendix, Fig A.5. 

The slopes and the corresponding 95% confidence intervals are plotted in Fig 4.14. While 

some trends can be observed including a decrease in cellular damage accompanied by an 

increase in viability between hypoxia and normoxia in 24-hour DEP exposures, and an 

opposite trend in 48-hour Ox66™ exposures, the large uncertainties render these intensity 

difference statistically insignificant. The only statistically significant trend appears as an 

increase in viability following 24-hour exposures in the mixture between normoxia and 

hypoxia (p = 0.02). This trend represents a 138% increase in cell viability in hypoxic 

versus normoxic conditions, indicating an increase in cell viability as a result of hypoxia.  
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 Pro-inflammatory cytokine production (Fig 4.15) is decreased in IL-6 for all three 

exposures, with hypoxia secretion not being statistically significant in any. For the IL-8 

homologue GRO/KC, DEP induced an increase in production in normoxia while Ox66™ 

and mixture exposure secretion is lower than controls. Hypoxia induced a significant 

increase compared to normoxia only in the mixture exposure, where hypoxia production 

is also elevated compared to the control. It is difficult to make inferences about TNF-α 

secretion in the presence of the compounds in both hypoxia and normoxia due to the 

large variation in the control measurements resulting in large standard error. However, 

GRO/KC production following Ox66™ exposure is significantly elevated in hypoxia 

compared to normoxia. 
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Figure 4. 14. Trend intensity for LDH and MTT assay following exposures in rat type II alveolar cells. Dots indicate slopes and bars indicate 95% CI (N=3). * p 

< 0.05. While most trends do not include 0 in the confidence intervals, less inferences can be made about the difference between the trends. Some trends between 

normoxic and hypoxic conditions are visible and confirmed by opposite assay trends. However, large variations in the data renders them statistically 

insignificant. One exception is MTT at 24-hour mixture exposure, where hypoxic conditions result in a statistically significant increase in dose-dependent cell 

viability suggesting a protective effect.
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Figure 4. 15. Pro-inflammatory cytokines for RLE6TN cells in 48-hour exposures at the highest dose. Error 

bars represent standard error (N=3). * indicates p < 0.05. IL-6 production is decrease in normoxia for 

Ox66™ and mixture exposures and no statistically significant effects between hypoxia and normoxia are 

observed. GRO/KC production in normoxia is elevated for DEP but decreased for Ox66™ and mixture. 

Statistically significant increase in hypoxia from normoxia production is observed. TNF-α production 

exhibits large variation, especially for controls, making inferences about normoxia and hypoxia production 

difficult. 

 

Human Astroglia Cells (SVGp12) 

 

 Like the previous cell lines, the response of human astrocytes varies by exposure 

compounds and scenario. However, some trends appear to be consistent. In Fig 4.16, 

dose-dependent cellular damage can be seen in all scenarios except for 24-hour exposures 

to Ox66™, which appear to induce a weak non-monotonic response. Ox66™ LDH 

results are also unique in the pattern of response for the response in 48-hour exposures, 

whereby a large increase in cellular damage is followed by a plateau, indicating a 

possible saturation of the effect at the lower concentration. On the other hand, cellular 

viability through MTT exhibits mostly non-monotonic responses punctuated by two clear 

trends in the 24-hour DEP exposures. The increases in MTT levels correlate to increases 

in LDH levels, indicating both elevation of damage and cellular viability or metabolic 

activity. Ox66™ exposures appear to reduce MTT in general except in normoxic 
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conditions at 48-hour exposures. Mixture exposures result in an assortment of unclear 

non-monotonic responses. The linear regression plots can be seen in the appendix, Fig 

A.6.  

 

 
 
Figure 4. 16. Barplots for LDH and MTT for all exposure scenarios for human astrocytes (SVGp12). 

Response is absorbance at 490 nm scaled to control. Error bars represent standard error (N=3). LDH 

exhibits a dose-dependent response except for Ox66™ exposures, where 24-hour exposures exhibit no 

trend while 48-hour exposures appear to reach a response plateau at the lowest Ox66™ dose. MTT 

responses are varied, with some increasing in response to increase concentrations while other decrease or 

exhibit an unclear trend.  

 

The assay trends in Fig 4.17 show statistically significant LDH trends for all 

exposure scenarios except Ox66™ in 24 hours. MTT trends are almost evenly divided 

between significant and non-significant trends. When comparing normoxia and hypoxia, 

a trend of increasing toxicity in hypoxic conditions in 24-hour DEP exposures is present 

but is not statistically significant. No other trend differences are statistically significant. 
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 Fig 4.18 shows pro-inflammatory cytokine secretions in both normoxia and 

hypoxia. DEP and mixture exposures appear to dampen IL-6 production in comparison to 

control, while Ox66™ exacerbates it. In hypoxia IL-6 production is not significantly 

impacted in comparison to normoxia for DEP and mixture exposures but is significantly 

reduced in Ox66™ exposure. IL-8 secretions are elevated in Ox66™ and mixture 

exposures but is similar to the control for DEP exposure. Furthermore, hypoxia appears 

to have no significant impact on IL-8 production for any of the exposure scenarios 

although a slight dampening trend is observed. The production of TNFα for all exposures 

in normoxia is not altered from control levels but is significantly increased in hypoxic 

conditions in comparison to normoxic conditions for Ox66™ and mixture exposures. 
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Figure 4. 17. Assay trend intensities for human astrocytes (SVGp12). Dots represent slopes and bars represent 95% CI (N=3). * indicates p < 0.05 for difference 

in assay trends between normoxia and hypoxia. LDH trends are all significant (not overlapping with 0) except for Ox66™ 24-hour exposures. MTT trends are 

almost evenly split between significant and non-significant. No significant differences between any normoxic or hypoxic responses exist.
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Figure 4. 18. Pro-inflammatory cytokines for SVGp12 cells in 48-hour exposures at the highest dose. Error 

bars represent standard error (N=3). * indicates p < 0.05. IL-6 is decreased from control in DEP and 

mixture exposures but elevated for Ox66™ exposure. IL-6 production in hypoxia is significantly reduced 

compared to normoxia. IL-8 exposure is elevated in Ox66™ and mixture exposure compared to control but 

not in DEP. Hypoxia induced a non-significant decrease in IL-8 production compared to normoxia in all 

exposure. TNFα secretions in normoxia are similar to control in all exposures but hypoxia production is 

significantly increased in Ox66™ and mixture exposures compared to normoxia. 

 

Rat Astroglia Cells (DITNC1): 

 

 In rat astrocytes, LDH increases in a dose-dependent manner in all scenarios 

except 48-hour DEP exposure in hypoxia and 24-hour Ox66™ exposure in normoxia (Fig 

4.19). MTT on the other hand is non-monotonic with no clear dose-dependent trend 

across all scenarios. However, in many of the exposures such as exposure to DEP or 

mixture in normoxia for 48 hours or exposure to Ox66™ in hypoxia for 24 hours, higher 

doses induce an increase in MTT absorbance, and may therefore be linked to increased 

cell viability or metabolic activity.  
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Figure 4. 19. Barplot of LDH and MTT assays for rat astrocytes (DITNC1). Response is absorbance at 490 

nm scaled to control. Error bars represent standard error (N=3). LDH exhibits a positive dose-response 

relationship in all scenarios except for 48-hour hypoxic DEP and 24-hour hypoxic Ox66™ exposures. MTT 

responses are unclear and non-monotonic, although increases in response can be seen at higher doses in 

some exposures.  

 

In the assay trend analysis (Fig 4.20), all LDH assay trends are significant except 

hypoxia exposures in DEP for 48 hours and in Ox66™ for 24 hours. Furthermore, both 

statistical trends are significantly different from the normoxic trend of their respective 

exposure. Therefore, in both scenarios, hypoxia had a significant protective effect that 

eliminated a dose-dependent cellular damage response. However, this reduction in 

toxicity is not seen significantly in other hypoxia exposures in this cell line and is not 

accompanied by any significant changes in MTT levels that indicate increased 

proliferation. The linear regression plots can be found in the appendix, Fig A.7. 
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 Like the previous cell lines, the pro-inflammatory cytokine response (Fig 4.21) is 

varied depending on the compound and analyte in question. IL-6 production is slightly 

elevated in DEP normoxic exposure but not in Ox66™ or mixture. Hypoxia appears to 

significantly reduce the secretion of IL-6 compared to normoxia, with the greatest 

reduction seen in the DEP exposure. In contrast, all exposures elevate GRO/KC 

production from that of the control, with hypoxia significantly reducing the observed 

response. TNFα production follows a similar trend with increases across all normoxia 

exposures and significant reductions in hypoxia response when compared to those of 

normoxia.
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Figure 4. 20. Assay trends for rat astrocytes (DITNC1) from linear regression. Dots represent slopes and bars represent 95% CI (N=3). * represent a significant 

different between a normoxic and hypoxic assay trend (p < 0.05). Two scenarios, DEP in 48 hours and Ox66™ in 24 hours show a significant reduction of an 

LDH trend to a complete lack of significant response. No significant trend changes between normoxia and hypoxia occur in MTT, and the protective significant 

LDH shits are not accompanied by MTT upregulation. 
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Figure 4. 21. Pro-inflammatory cytokines for DITNC1 cells in 48-hour exposures at the highest dose. Error 

bars represent standard error (N=3). * indicates p < 0.05. IL-6 production is elevated only in DEP 

normoxia. GTO/KC and TNFα are elevated from controls in all exposure scenarios. Hypoxia significantly 

reduces the production of all 3 cytokines when compares to normoxia. 

 

The Effect of Ox66™ and DEP mixtures on LDH  

 

 The comparisons between the calculated DEP and Ox66™ mixtures responses 

(the direct addition of their dose-response slopes) and the experimental slopes in hypoxia 

are divided by cell line. Fig 4.22 shows the LDH experimental and calculated slopes and 

their 95% confidence intervals for all cell lines in 24-hour exposure scenarios. Here, large 

confidence intervals due to high standard error obscure the ability to make meaningful 

inferences. The same issue is present in 48-hour exposures (Fig 4.23), with large 

confidence intervals making any statistical findings about the relationship between the 

calculated and experimental trend unattainable. 
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Figure 4. 22. Calculated and Experimental slopes for LDH for all cell lines in hypoxia at 24 hours. Bars 

represent standard error (N=3). Although some trends may be discerned, large confidence intervals 

preclude any statistical certainty.
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Figure 4. 23. Calculated and Experimental slopes for LDH for all cell lines in hypoxia at 48 hours. Bars 

represent standard error (N=3). Although some trends may be discerned, large confidence intervals 

preclude any statistical certainty.
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CHAPTER FIVE 

 

Discussion 

 

 

Ox66™ Chemical Analysis 

 

 The elemental analysis of Ox66™ reveals its composition of aluminum and 

oxygen, with trace presence of chlorine atoms (around 1%). In nature, aluminum and 

oxygen exist as aluminum hydroxide such as in the naturally occurring gibbsite mineral 

or aluminum oxide in minerals like corundum (Porto & Krishnan, 1967; Saalfeld & 

Wedde, 1974). In the case of aluminum oxide, several rations of aluminum to oxygen 

exist due to the varying aluminum oxygenation states, with two aluminum atoms 

connecting up to 4 oxygen atoms in the form of Al2O4 (Nemukhin & Weinhold, 1992). 

This gives a starting point for the characterization of the possible structure and chemical 

behavior of Ox66™. However, of note is that the ration of oxygen atoms in the structure 

of Ox66™ as evident by EDS analysis is over 63%, which is higher than the observed 

oxygen ratio of 50% present in the highest aluminum oxidative state in dinucleic 

aluminum oxide. This suggests enrichment of oxygen in the Ox66™ structure beyond 

what may typically be observed in naturally occurring compounds of close structure. 

 The presence of large numbers of -OH ligands suggested by IR hints towards 

similarity to aluminum hydroxide structures. However, aluminum hydroxide molecules, 

which typically contain -OH ligands, possess far too many oxygen molecules (300% 

atomic ratio of oxygen to aluminum) to concur with the EDS analysis. Therefore, Ox66™ 

structure may be a hybrid of aluminum hydroxide and aluminum oxide structures. A full 
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elucidation of Ox66™ structure may then be required to understand the exact proportion 

of aluminum oxide and aluminum hydroxide structures within the compound. This may 

include more extensive mass spectrometry analysis involving fragmentation data and the 

use of annealing procedures to acquire a more defined crystalline structure. 

 The mass spectrometric analysis reveals a dynamic behavior of the dissolved 

portion of Ox66™ in aqueous solution. As suggested by the positive ion mass 

spectrogram (Fig 4.6), Ox66™ appears to undergo a series of ligand exchanges, 

substituting various -OH ligands with methanol (CH3OH) ligands in solution. 

Furthermore, some of the ligands may be completely detached from the aluminum center 

and replaced only with a hydrogen atom. It is unclear whether the exclusive presence of -

OH ligands rather than pure -O ligands is a product of these chemical interactions taking 

place only in the aluminum hydroxide portions of the Ox66™ structure, as it is possible 

that free -O ligands are quickly protonated by other compounds in solution. However, 

these ligand exchanges suggest that a chemical exchange mechanism may be partially 

behind the oxygenating behavior of Ox66™ in biological tissue, including possible 

protein interactions. Additionally, the exchange of methanol into the ligands suggest that 

the activity of Ox66™ is initiated or enhanced in organic microenvironments, and that 

this activity requires the presence of the compound in certain tissue or conditions. One 

caveat to note is that these behaviors were observed under basic conditions of around 9-

10 pH, and that they may not fully represent the chemical behavior of Ox66™ in 

biological conditions. If a method of increasing Ox66™ solubility in solutions without 

pH alterations is developed, it would allow confirmation of the ESI-MS findings. 
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 XRD analysis did not prove to be revelatory as to the exact structure of Ox66™, 

although it indicates the amorphous nature of the raw compound. However, it is common 

for aluminum-oxygen compounds to exhibit poor crystallinity, as is the case with 

aluminum oxide (Beevers & Ross, 1937). Such poor crystallinity is attributed to a 

structural property wherein atoms within the structure occupy crystalline sites only 

partially. An annealing process is often applied using temperatures exceeding 600 oC to 

acquire a better crystalline structure. During this process, aluminum oxide undergoes 

structural changes, producing polymorphs known as transition aluminas which exhibit 

decreased disorder and increased crystallinity (Temuujin et al., 2000). Furthermore, the 

resulting crystalline structures are sensitive to the initial conditions of the aluminum 

oxide synthesis including the precursors used. Figure 5.1 shows the XRD results for 

alumina compounds prepared from aluminum hydroxides derived from 3 different 

aluminum salts. The amorphous structure at lower temperatures is similar for all 

precursors, but clear differences emerge in the crystalline structure resulting from heating 

to 1200 oC. 

The transformation of aluminum oxides to more orderly crystalline structure via 

annealing, and the divergence of such structures depending on synthesis conditions 

further confirms the chemical flexibility of aluminum-oxygen compounds. The unique 

behavior of Ox66™ as an oxygen delivery system may then be a result of certain 

structural qualities resulting from the conditions of the synthesis process. Additionally, it 

may be possible to induce an enhanced crystal structure and learn more about the 

properties of Ox66™ by subjecting it to a similar process of annealing, followed by 

analytical chemical analysis and a re-assessment of biological activity.  
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 In general, and while the exact mechanism and structure of Ox66™ remains 

unknown, the observed data points to a complex structure that may behave dynamically 

in solutions, and points towards a better understanding of its possible mechanism of 

action in biological tissues. The confirmation of this dynamic behavior in biological 

tissue requires its replication under more biologically relevant pH conditions.  

 

 

Figure 5. 1. XRD results for aluminas of aluminum hydroxides derived from 3 different aluminum salts and 

annealed to various temperatures. At 800 0C and 1000 oC all three precursors have a similar amorphous 

structure. At 12000 oC a clear crystalline structure emerges and is distinct for each precursor. Asterisks 

denote peaks corresponding to α-alumina (Temuujin et al., 2000). 
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Cytotoxicity and Hypoxia 

 

 While hypoxia has been documented to induce wide-reaching effects on cellular 

function and metabolism, the effects of hypoxia on the toxicity of DEP, Ox66™, and 

their mixtures appear to be complex and exhibit a high degree of variance within cell 

lines, exposure times, and compound of exposure. Physiologically, changes concerning 

the effect of DEP toxicity on lung cells may be the most physiologically relevant, as 

lungs form one of the earliest lines of defense against air pollutants following the 

respiratory epithelium. Furthermore, in real inhalation scenarios, only those particles 

smaller than 100 nm in dimeter are able to translocate across the lungs and exert 

extrapulmonary effects (Mühlfeld, 2008). Given that such particles comprise a small 

fraction of the overall mass of inhaled particulate matter (Annette Peters, Wichmann, 

Tuch, Heinrich, & Heyder, 1997), the bulk of the physiological interface between 

hypoxia and toxicity would manifest in the lungs at a given concentration. However, a 

large limitation remains as to the chronic effects of such an interaction, and the balance of 

physiological relevance may shift towards neurological tissues in cases of prolonged 

exposure.  

 For A549 cells, LDH increase for a 24-hour exposure in normoxia to DEP is 

around 15%. While this is only a moderate increase in cellular membrane damage, this 

result is in line with other studies which have shown LDH increases in the range of 5-

20% in comparison to control following exposure to similar concentrations of diesel 

exhaust particle and other related particulate matter for 24 hours (Alessandria, Schilirò, 

Degan, Traversi, & Gilli, 2014; Danielsen, Loft, Kocbach, Schwarze, & Møller, 2009; M 

Durga, Nathiya, & Devasena, 2014; Schilirò, Alessandria, Degan, Traversi, & Gilli, 
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2010). However, the severity of LDH release is highly dependent on the exact 

composition of the particulate matter being used. For instance, the cytotoxic effect may 

vary drastically when the particulate matter samples are collected in different seasons 

(Alessandria et al., 2014) or when different reference materials are used (Danielsen, Loft, 

& Møller, 2008). It is then important to note that these results may not be consistent for 

other air pollutants or combustion matter from the engines of different vehicles. For 48 

hours normoxia exposures, the toxicity trend appears similar, with no marked increase 

due to the prolonged exposure. This is also in line with another study which has shown 

similar toxicity for 24- and 48-hour exposure to particulate matter (Schilirò et al., 2010). 

Schiliro et al, however, observed a large increase in toxicity for some forms of particulate 

matter for a 72-hour exposure. Therefore, even a 48-hour exposure may not be sufficient 

to account for chronic effects. A549 cells Ox66™ and DEP also exhibit an LDH for 

exposure to Ox66™ and to the mixture. Response to Ox66™ is more elevated in 

comparison to DEP alone (around 20% change at 100 μg/ml), while response to the 

mixture is higher than either of the two compounds alone (around 50% change at 100 

μg/ml).  Just as in with DEP alone, the effects are similar for 24 and 48 hours for Ox66™ 

and mixture. In general, the LDH response for A549 appears to be mild for DEP and 

Ox66™ alone and more severe for the mixture, and the response is not remarkably 

different between 24- and 48- hour exposures. 

As for MTT in A549 cells, the DEP exposure elicits a small response of around 

15% at the highest dose for both 24- and 48- hour exposures. However, the direction of 

this response is positive, suggesting increased viability or metabolism with increasing 

doses of DEP, which is in opposition to the expected response considering the LDH 
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increase. Furthermore, the linear trend of the MTT response is not significant for either 

exposure lengths, with the confidence interval encompassing zero. While this lack of 

MTT response and discrepancy between LDH and MTT does not comport with some 

studies on the effects of particulate matter toxicity (M Durga et al., 2014; Mohan Durga, 

Nathiya, Rajasekar, & Devasena, 2014), other studies have found a discrepancy between 

LDH and MTT results for A549 exposures to aqueous PM2.5 extract (Alessandria et al., 

2014) and organic extracts from traffic PM (Shang et al., 2013). In both studies, however, 

the discrepancy is the opposite of the one observed in this study and involves decreases in 

MTT that are not accompanied by corresponding increases in LDH. The authors of the 

two studies suggest that such a discrepancy may be explained by a cytotoxicity 

mechanism which involves an apoptotic pathway that does not result in damage to cell 

membrane viability, or by the inability of the MTT assay to distinguish between 

reductions in cell metabolic activity and loss of cell viability. On the other hand, a study 

on the effects of DEP on serum-deprived A549 cells has found DEP exposure protects 

cells from decreases in viability by arresting the cell cycle and interfering in apoptotic 

pathways, while simultaneously inducing an inflammatory response (Bayram et al., 

2006). Given these studies, it is possible that the discrepancy between LDH and MTT 

results observed in this study may be the result of simultaneous protection of cell death 

via cell cycle arrest of most of the cell population and induction of cellular membrane 

damage for a smaller portion of the population. The same discrepancy is seen in Ox66™ 

and mixture exposures, with the one exception being Ox66™ exposure at 48 hours, 

where a massive reduction in MTT is observed. Therefore, increased cellular membrane 

damage that does not induce decreased cellular viability may be a common cytotoxic 
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behavior of A549 cells. It is also possible that Ox66™ alone may produce a unique 

cytotoxic pathway during longer exposure of A549 cells.  

Inflammatory cytokines and chemokines are not released at any notable levels for 

exposure to DEP in normoxia, although IL-8 is slightly elevated with around a 10% 

increase. Many studies, on the contrary, have shown much higher increases in IL-6 and 

IL-8, and TNF-α increases in A549 and other lung epithelial cells following exposure to 

DEP, including for shorter periods of time (Bayram et al., 1998; Mohan Durga et al., 

2014; J Øvrevik, Låg, Holme, Schwarze, & Refsnes, 2009; Tang et al., 2012). However, 

some disagreement within the literature exists. For instance, one study has shown an 

inhibition of IL-6 an IL-8 release for short exposures and no different in their release for 

48-hour exposures (Juvin et al., 2002), and another study has shown no effect of DEP on 

the release of IL-8 in A549 cells in the presence of serum in the media (Bayram et al., 

2013). These differences in cytokine and chemokine production between different studies 

may be attributed to the composition of the particulate matter used and the presence and 

levels of adsorbed compounds. For example, the cytotoxicity and inflammatory potential 

of particulate matter has been shown to vary greatly between the water-soluble fraction 

and the organic insoluble fraction, with the insoluble fraction exhibiting a larger 

cytotoxic effect and the water-soluble fraction increasing the production of inflammatory 

cytokine mRNA expression (Fujii, Hayashi, Hogg, Vincent, & Van Eeden, 2001; Jalava 

et al., 2008; Soukup & Becker, 2001). Therefore, the standard used in this experiment 

may be lacking in any significant water-soluble components, rendering it incapable of 

eliciting an inflammatory cytokine or chemokine response. On the other hand, Ox66™ 
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and the mixture is associated with a significant increase in IL-8 production, but not IL-6 

or TNFα.  

To examine the effects of hypoxia on toxicity for A549 cells, the assay trends are 

the most pertinent indicators, as they allow for the comparison of the entirety of the dose-

dependent response between normoxia and hypoxia. For LDH, the only significant 

decrease is at 24 hours for DEP exposure, where hypoxia ameliorates the small toxic 

trend observed. However, no meaningful changes between hypoxia and normoxia in 

LDH production for any of the other scenarios for this cell line exist. Therefore, hypoxia 

either creates no cellular membrane damage on its own or does not exacerbate the 

damage already inflicted by DEP, and in fact may slightly ameliorate such damage in the 

case of 24-hour DEP exposures.  For MTT, hypoxia significantly alters the dose-response 

trend in two scenarios: Ox66™ at 48 hours and mixture at 48 hours. In the case of 

Ox66™, hypoxia’s effect is ameliorative, completely removing the decrease in cell 

proliferation observed in normoxia. On the other hand, its effect for the mixture exposure 

is the opposite, with a decrease in MTT levels not observed in normoxic conditions. In 

both compounds, the MTT trend differences do not correspond to LDH trend differences, 

mirroring the lack of correspondence between LDH and MTT in normoxic DEP toxicity. 

Overall, there does not appear to be a consistent effect of hypoxia on toxicity in A549 

cells for any of the compounds tested, and when an effect is present, no corroboration 

between assays exists. The discrepancy between LDH and MTT might be due to the same 

reasons stated earlier, namely the protective effect of DEP on cell viability and the 

inability of MTT to discern between cell viability and metabolic activity. In the case of 

cytokine and chemokine release, hypoxia consistently dampens the inflammatory marker 
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response induced by the tested compounds, and in fact appears to reduce IL-6 release to a 

level below the control for the DEP exposure. The reduction in inflammatory marker 

production is most pronounced and significant for IL-6 in Ox66™ and mixture 

exposures, where IL-6 production is reduced to levels close to control in hypoxia in 

contrast to a marked increase in normoxia. While hypoxia by itself has been shown to 

induce some inflammatory marker production in human cell lines while reducing others 

(Ghezzi et al., 1991; Karakurum et al., 1994; Naldini, Carraro, Silvestri, & Bocci, 1997), 

little research has been conducted on the ways in which hypoxia alters inflammatory 

marker production in response to chemical stresses or particulate matter. One study found 

no significant differences in LPS-mediated production of IL-8 in A549 cells but also 

found that dexamethasone exhibits reduced efficacy in the attenuation of IL-8 production 

in the presence of hypoxia (Y. Huang, Zhao, Lv, Ding, & Liu, 2009). LPS injury, 

however, is not necessarily representative of particulate matter toxicity. It is possible that 

the attenuation of inflammatory marker production is due to the downregulation of 

protein production observed in hypoxia, which would inhibit any protein response to 

outside cellular stress. It also may be that the induction of inflammatory markers by 

hypoxia alone may exhaust cellular mechanisms of cytokine and chemokine production, 

therefore causing a reduction in the ability of such cells to produce sufficient 

inflammatory markers following long-term hypoxia. Another possible explanation is that 

the decline in inflammatory cytokine levels is due to decreases in cell viability. However, 

this would only serve to explain the decline for exposures scenarios with high LDH 

production or low MTT levels. To summarize, hypoxia’s effect on the production of the 
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inflammatory markers studied appears to be ameliorative, and its magnitude is only 

relevant for IL-8 production.  

In rat RLE6TN cells, the cytotoxic response to DEP in normoxic conditions is 

different than for the comparable human cells. For instance, DEP exposure at 24 hours 

produces a non-monotonic response for LDH levels, with the highest response observed 

at the 50 μg/ml dose rather than the 100 μg/ml. Furthermore, the maximum response at 

50 μg/ml is markedly higher than that of A549 cells (84% increase compared to 15%). 

For DEP toxicity at 48 hours in normoxia, the trend is monotonic again, and the 

maximum toxicity at the highest dose is lower than for 24 hours but still higher than for 

A549 cells (66% compared to 15%). The RLE6TN cells then are more sensitive to DEP 

exposures than their human counterparts, This concurs with a study showing increased 

sensitivity of RLE6TN cells in comparison to A549 cells to metal toxicity (Riley et al., 

2005). However, RLE6TN do exhibit a similarity in that 48-hour exposures do not 

significantly alter the observed toxicity trend. Additionally, normoxic exposures produce 

comparable toxic trends in RLE6TN and A549 cells for Ox66™ and mixture exposure. 

Therefore, the heightened sensitivity of RLE6TN cannot be assumed for all cytotoxic 

scenarios. For the MTT assay, RLE6TN exhibits a different response in normoxia to that 

of A549 cells, with rat cells being slightly more sensitive but also exhibiting a more 

expected pattern of general dose dependent MTT decline in all normoxic scenarios. 

However, this decline is not monotonic in any but the 24-hour response to mixture 

exposure. This lack of monotonic response translates to the mostly flat linear trends 

observed after regression. However, while a decrease of MTT points to better consistency 

between LDH and MTT for this cell line, the lack of consistency remains when 
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examining responses at individual levels and the general magnitude of response for 

specific scenarios. For instance, the large increase in LDH level at the 50 μg/ml dose in 

the 24-hour normoxia exposure does not correspond to a similar decrease in MTT levels. 

Furthermore, the MTT trend magnitude is similar for Ox66™ and mixture exposures at 

24 hours in normoxia despite the LDH levels for the mixture exposure being markedly 

higher.  

The inflammatory marker release of RLE6TN is similar to that of A549 for IL-6 

and TNG-α in all exposures and for DEP IL-8 secretion. However, the effects on 

GRO/KC are different than those observed for IL-8 in A549 cells for Ox66™ and 

mixture. While DEP drives a similar increase of GRO/KC in both cell lines, Ox66™ and 

the mixture results in the opposite, with a decrease in GRO/KC production compared to 

the control. Given that MTT production is also decreased in both those scenarios, the 

decrease in observed GRO/KC may be attributed to a decrease in cell viability rather than 

a decrease of secretion per cell. This has been observed in other cytotoxicity experiments 

involving RLE6TN cells where a large decrease in inflammatory marker production is 

almost entirely attributed to plummeting cell viability and metabolic activity (Riley, 

Boesewetter, Kim, & Sirvent, 2003). 

Much like A549 cells, the effect of hypoxia on RLE6TN cells is divergent and not 

strong. An increase in toxicity is observed for Ox66™ and mixture at 48 hours in hypoxia 

compared to normoxia. However, the regression lines do not report significantly different 

slopes, and the increase in LDH production does not correspond to a reduction in MTT 

between normoxia and hypoxia. The only significant slope differences between normoxia 

and hypoxia is for the cell lines is for MTT at the 24-hour mixture exposures. Therefore, 
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the results do not support a strong exacerbation of cytotoxicity by any of the compounds. 

For inflammatory markers, hypoxia produced a difference in the response compared to 

normoxia only in GRO/KC for the mixture exposure and TNFα for the Ox66™ exposure. 

In these scenarios, hypoxia increases cytokine production in comparison to normoxia, an 

opposite direction to the one observed in A549 cells. RLE6TN cells appear to undergo 

different metabolic and protein-production changes when exposed to hypoxia from those 

A549 cells undergo. Only in vivo experiments regarding the effects on hypoxia on 

inflammatory marker production following particulate matter exposure would shed more 

light on which cell line is more translatable for such studies.  

For the human astroglia SVGp12, DEP induce an increase in LDH production of 

around 16% for the 24-hour normoxia exposure, similar to that of A549 cells. However, 

unlike the two lung cell lines, the 48-hour toxicity in normoxia for human astrocytes is 

around 33%, almost double the 24-hour effect, suggesting that SVGp12 may be more 

sensitive to prolonged exposures than lung cells. Much of the literature surrounding the 

neurotoxicity of diesel exhaust particles both in vivo and in vitro has focused on the role 

of microglia and microglial activation in neurotoxicity of diesel exhaust particle and 

particulate matter (Allen et al., 2014; Block et al., 2004; L. G. Costa et al., 2017; 

Levesque et al., 2011). However, studies which examined microglial or astrocyte cell 

viability have found similar levels of LDH release to those in this study at comparable 

concentrations (Bai et al., 2019; Block et al., 2004). For Ox66™ exposure, no LDH 

release is observed for the 24-hour normoxic exposures, but a 40% increase is observed 

for the 48-hour normoxic exposure, further pointing to an increased susceptibility for this 

cell line in longer exposures. However, the mixture normoxic exposure shows little 
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difference between 24- and 48-hour exposures. The lack of corroboration between the 

two assays is also evident in this cell line. MTT increases for DEP normoxic exposures 

despite an increase in LDH, a trend also observed in the 48-hour Ox66™ exposure. For 

mixture exposures, the 24-hour normoxia scenario is associated with a lack of MTT trend 

despite the LDH increase, while the similar LDH trend for the 48-hour normoxia scenario 

is accompanied by a decrease in MTT. Like A549 cells, the reasons for this could be 

multifaceted, including cell cycle arrests which decrease apoptotic activity and changes in 

cellular metabolic activity that do not necessarily reflect cellular proliferation.  

IL-6 is decreased following exposure to DEP and the mixture, while slightly 

elevated following exposure to Ox66™. IL-8 is only elevated following exposure to 

Ox66™ and DEP, while TNFα is not affected by exposure to of the compounds 

compared to the control. In general, all the observed inflammatory marker trends are not 

very strong. A study of DEP exposure in vitro in human astrocytes following exposure to 

DEP has also found little increase in TNFα following (Campbell, Daher, Solaimani, 

Mendoza, & Sioutas, 2014). Although the period of exposure (24 hours) and the 

concentration (20 μg/ml) in that study are of a smaller magnitude, the lack of response in 

comparison to the microglia highlights a deficiency in inflammatory marker production 

by astrocyte cells and the importance of microglia in initiating and modulating the 

inflammatory response following particulate matter exposure. 

In a similar vein to the two previous cell lines, hypoxia does not seem to exhibit a 

consistent impact on cytotoxicity. LDH levels are increased in hypoxic 24-hour 

exposures compared to normoxia, but not for 48-hour exposures. MTT levels are 

decreased in Ox66™ exposures both for 24 and 48 hours in hypoxia compared to 
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normoxia. For mixture exposure, hypoxia decreases MTT production for 24-hour 

exposures but for 48-hour exposures such a decrease only occurs at the highest dose 

level. For the linear regression trend lines, none of the differences are statistically 

significant. In the inflammatory marker territory, hypoxia exhibits a moderate effect on 

production levels in a few scenarios, although the effect is not significant. IL-6 

production is significantly elevated in hypoxia compared to normoxia for Ox66™ while 

it is slightly but significantly elevated in TNF-α for Ox66™ and mixture exposures. The 

effect for IL-8 is trending towards reduction but is not statistically significant. The effects 

of hypoxia for IL-8, although not significant, are following a similar trend to those 

observed in the A549 cell line. The effects of hypoxia on cellular metabolism and protein 

production pathways that are present in A549 cells may also be present in SVGp12 cells 

then but to a much lesser extent.  

 For the last cell line, DITNC1, the 24-hour normoxia DEP LDH percent change 

from the control is around 18%, while the 48-hour change is around 33%, rendering its 

DEP LDH levels close to those of the human astrocytes. Ox66™ and the mixture 

exposures, on the other hand, are associated with higher LDH levels than those of 

SVGp12. MTT levels for this cell line are also the least monotonic of all the studied cell 

lines. However, this cell line shares the lack of correlation between MTT and LDH with 

the others, with similar LDH levels producing different MTT trends as is the case with 

normoxic 24- and 48- hour exposures for DEP. Another example is normoxic 48-hour 

exposure to the mixture, associated with a higher LDH production than the 24-hour 

normoxic exposure but also a higher MTT production. In contrast to the human 

astrocytes, inflammatory cytokines are elevated in all normoxic exposures for TNFα and 



 79 

GRO/KC, except for TNFα at the Ox66™ exposure. The markers are also not 

significantly changed from the control at all normoxic exposures for the IL-6 marker.  In 

rat brains exposed to particulate matter, the inflammatory marker production is 

concentrated in the mid brain rather than the  cortex or olfactory bulb (Levesque et al., 

2011). Given that astrocytes are the most abundant cell type in the brain, the production 

of inflammatory markers is then not entirely controlled by astrocytes, but rather by the 

presence and interaction of various neuro cells.   

 Hypoxia exhibits a divergent effect on cytotoxic assays in this cell line either, 

with LDH levels decreased for DEP in 48-hour hypoxic exposure compared to normoxic 

exposure, but not for 24-hour exposures. In mixture exposures, hypoxia also exhibits 

differential effects on LDH production. Ox66™ exposures appear to be the only ones 

impacted consistently by hypoxia, which reduces LDH release. The only significant 

linear slope differences are for DEP at 48 hours and Ox66™ at 24 hours. For 

inflammatory markers, DITNC1 cells exhibit a very similar but more consistent response 

to A549, with a significant reduction across all exposure scenarios.   

 The ability to discern the efficacy of Ox66™ by comparing the LDH trendlines of 

the mixture exposures with what theoretically would have occurred had the toxic effect 

been completely additive is unfortunately rendered not possible due to the large 

uncertainty as indicated by the large confidence interval for each of the slopes. 

Furthermore, given the low assay trend intensity and the lack of clear toxicity effect 

present in the MTT assays, their use would not have produced an intelligible result either. 

Therefore, the question of whether the efficacy of Ox66™ can be demonstrated in vitro in 
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a way that mirrors its observed effects in vivo remains open and would require more 

experiments to achieve higher statistical power.  
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CHAPTER SIX 

 

Conclusions 

 

 

 The results of this study indicate that Ox66™ is an amorphous compound with 

structures similar to and derived from aluminum oxide and aluminum hydroxide, with 

higher oxygen content than that of aluminum oxide but lower than that of aluminum 

hydroxide, and that it exhibits a dynamic chemical behavior in aqueous solutions through 

serial ligand substitutions. The complex structure and aqueous behavior suggest that 

complex chemical processes and possible protein-mediated interactions in biological 

tissue may be responsible for its mechanism of efficacy. 

 In examining cytotoxicity of DEP, Ox66™, and their mixtures and the effect of 

hypoxia in four different cell lines derived from two tissues across two species, the study 

found that the LDH results for the DEP are in agreement with the established literature on 

similar compound and exposures conditions. While hypoxia does sometime influence 

cytotoxicity, no clear trend appears in regards to proliferation and viability. Furthermore, 

the two assays used, LDH and MTT, are not in agreement to the effect at any exposure, 

and the cause of this inconsistency is not clear, although several factors may be behind it. 

When analyzing the difference between calculated additive and experimentally measured 

LDH responses of mixtures of Ox66™ and DEP in hypoxia, the study found no 

statistically significant results in either 24 or 48-hour exposures, and therefore the 

efficacy of Ox66™ in vivo could not be evaluated.   
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  In examining the production of the cytokines IL-6, IL-8 and its rat homologue 

GRO/KC, and TNFα, the study found that the compounds induce significant changes in 

cytokine expression, although the direction and magnitude is not consistent, with some 

exposures resulting in a decrease of cytokine production. The effect of hypoxia on the 

cytokine response was also divergent, with significant decreases of cytokine production 

observed in A549 and DITNC1 cells and slight significant increases in RLE6TN and 

SVGp12 cells.  

 These results suggest that while the risk profiles for particulate matter exposures 

in patients suffering from concurrent chronic hypoxia may be altered relative to those 

without persistent hypoxia, the effect varies depending on the cell line, compound, and 

length of exposure. Further experiments may be carried out on a larger set of cytokines 

and using primary cells which may alleviate some of the discrepancies present in the 

colorimetric cytotoxic assays.
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Additional Figures 

 

 

 
 

Figure A. 1. EDS results for Ox66™ on a different spot from the same grain. The ratio of Oxygen to 

Aluminum atomic abundance is around 2.95. 
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Figure A. 2. EDS results for Ox66™ for a spot on a different grain from the same batch. The ratio of 

oxygen to aluminum atomic abundance is 2.47. The increased presence of carbon abundance is a function 

of the difference in grain dimensions which creates a larger signal from the background carbon tape the 

sample is placed on. 

  



 86 

 

 
Figure A. 3. EDS results for Ox66™ for a spot on a grain from a different batch. The ratio of oxygen to 

aluminum atomic abundance is 2.65. The presence of an iron peak is the result of the use of a different 

placement tape containing iron. 
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Figure A. 4. Linear regression lines for A549 cells for both LDH and MTT assays. The slopes from these 

lines where estimated via maximum likelihood estimation (N=3). The slopes of each line and its 95% CI 

was recorded for use in trend comparison. 
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Figure A. 5. Linear regression lines for RLE6TN cells for both LDH and MTT assays. The slopes from 

these lines where estimated via maximum likelihood estimation (N=3). The slopes of each line and its 95% 

CI was recorded for use in trend comparison. 
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Figure A. 6. Linear regression lines for SVGp12 cells for both LDH and MTT assays. The slopes from 

these lines where estimated via maximum likelihood estimation (N=3). The slopes of each line and its 95% 

CI was recorded for use in trend comparison. 
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Figure A. 7. Linear regression lines for DITNC1 cells for both LDH and MTT assays. The slopes from 

these lines where estimated via maximum likelihood estimation (N=3). The slopes of each line and its 95% 

CI was recorded for use in trend comparison
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