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Abstract of the Dissertation 

Fenton Chemistry and Disease –  

The Role of Particle-Derived Reactive Oxygen Species in Pathogenesis 

 

by 

Andrea Dawn Harrington 

Doctor of Philosophy 

in 

Geosciences 

 

Stony Brook University 

2013 

 

Reactive Oxygen Species (ROS) are vital to the normal functioning of the immune system 

in the human body. However, when a foreign material enters the system the highly regulated 

balance between pro- and anti-oxidants can be disrupted, especially if the material itself can 

generate ROS. One way a material can generate ROS is through Fenton chemistry. The hypothesis 

that Fenton chemistry is an important factor in many exposure related diseases is experimentally 

tested using an array of complementary acellular and cellular in vitro techniques. The acellular 

experiments focused on determining the particle-derived formation of ROS upon dispersion in 

aqueous solutions, under biologically applicable conditions. The cellular experiments consisted 

of challenging human lung epithelial cells (A549 cell line) with varying amounts of earth and 

synthetic material in order to determine an inflammatory stress response (ISR). Defined as the 

cellular upregulation of ROS normalized by cellular viability, the ISR is a gauge of particle 

toxicity.  The protocol is designed to not only capture the effect that low and high exposures 

have on cells, but also the effect of particle exposure on cells over time. This dissertation 

underlines the necessity of using an interdisciplinary approach to determine the impact of 
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geomaterials on human health and highlights the role that a material’s structure, chemistry, 

oxidation state and complexity have in pathogenesis. 

The results reported in this dissertation not only suggest that Fenton chemistry plays a 

role in inflammation-based diseases but also highlights the deleterious nature of ferrous minerals, 

pyrite in particular. The initial acellular oxidative dissolution studies demonstrated pyrite’s 

ability to generate ROS and its relatively short biopersistence (a two micron pyrite particle will 

dissolve in about three years). Taken together it begins to explain the correlation between the 

prevalence of Coal Workers’ Pneumoconiosis (CWP) among miners who are exposed to coal 

with high pyritic sulfur contents and why no pyrite is found in the autopsied lungs of these 

deceased miners. The extreme ISR of human lung epithelial cells exposed to pyrite (1,100 fold 

higher than the control) compared to standard reference materials (ISR generated by San Joaquin 

NIST soil with baseline trace element concentrations is 3 fold higher than the control and 

Montana NIST soil with highly elevated trace element concentrations is 11 fold higher than the 

control) confirms the inflammatory nature of pyrite and experiments with coals containing 

variable pyritic sulfur contents support the correlation with the prevalence of CWP in miners.  

While an elevated ISR is generally attributable to both an upregulation of cellularly 

derived ROS and low cellular viability, the drivers for toxicity are complex. The design of the 

ISR experiments not only allowed for the base determination concerning a material’s toxicity, it 

also allowed for different pathways of toxicity to be observed, highlighting the ability of a 

material to upregulate cellular ROS (indicator of future apoptosis) and/or generate necrotic 

cellular death. Subsequent experiments concerning the toxicity of mineral ores, Fenton metals, 

and natural dust samples underscore the importance of this integrated approach. Copper-sulfide 

ore minerals generate extreme ISR values (chalcopyrite rivaled pyrite at 860 fold higher than 

control), which resulted from both an upregulation of ROS and necrotic cell death. However, the 

ISR generated by the lead sulfide ore mineral galena (32 fold greater than the control) stems 

solely from necrotic cell death. Conversely, the ISR generated by manganese-doped goethite is 

predominately due to a cellular upregulation in ROS.   

There are two factors that modulate a material’s toxicity, the reactivity of the material 

and its components and total particle burden. Based on our research, a material that is considered 

inert will generate an ISR value that is around 2 to 4 fold greater than the control. This response 

is based solely on the presence of the foreign particles. This process is evidenced by our research 
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into the cause of lung illnesses among soldiers returning from Iraq. While the ISR experiments 

were able to narrow the dusts’ minimal inflammatory nature to the carbonate phases and 

associated elements (e.g., manganese), the stress is only achieved after increasing the particle 

loading by more than a factor of 10 (over typical ISR exposure values). Given the extremely high 

PM2.5 concentrations in the Greater Middle East, the origin of the toxicity is likely 

predominately due to “particle overload,” which causes impairment or cessation of the body’s 

main defense mechanisms, phagocytosis and efferocytosis.   
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The Road Not Taken 
 

TWO roads diverged in a yellow wood, 

And sorry I could not travel both 

And be one traveler, long I stood 

And looked down one as far as I could 

To where it bent in the undergrowth;  

Then took the other, as just as fair, 

And having perhaps the better claim, 

Because it was grassy and wanted wear; 

Though as for that the passing there 

Had worn them really about the same, 

And both that morning equally lay 

In leaves no step had trodden black. 

Oh, I kept the first for another day! 

Yet knowing how way leads on to way, 

I doubted if I should ever come back.  

I shall be telling this with a sigh 

Somewhere ages and ages hence: 

Two roads diverged in a wood, and I— 

I took the one less traveled by, 

And that has made all the difference. 

 

                   - Robert Frost 1920 
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Chapter 1 

Introduction 

 

 

1.1.Overview of Dissertation 

The purpose of this introductory chapter is to provide a brief overview of the field of 

study, the scope of the thesis, and present the organization of the thesis.  

1.1.1. Medical Geology 

The scientific field of medical geology, while new in its present form, is actually a re-

emerging area of scientific interest. For more than 2,000 years, cultures around the World noted 

both the beneficial and deleterious nature of earth materials [1-9]. Historically, studies related to 

exposure to natural materials were correlative and took the form of epidemiology. While 

epidemiology remains an important research strategy, present-day medical geology is an 

interdisciplinary collaboration between geologists, biomedical researchers and health science 

professionals that aim to understand the role of earth materials in diseases. Current studies into 

the deleterious nature of natural materials can range from, but are not limited to: the 

biopersistence of a material, the role of structure and composition on reactivity, and the 

biological processes interrupted due to exposure.  

Geoscientists have mostly focused on the role of mineral structure and composition on 

toxicity as well as the overall biodurability of the material.  Most biodurability studies have been 

performed in water, but more recently experiments have been conducted in simulated body 

fluids. On the basis of biodurability studies, the lifetime of a particle deposited in the body can 

be estimated [10-12]. There has also been an increased interest in understanding the mechanisms 

that lead to reactive oxygen species (ROS) formation when minerals or, more broadly, earth 

materials are dispersed in water.  Conversely, biologists, primarily concerned with the end result 

of disease formation, used cell lines and animals to determine cellular stress and tissue damage 

caused by exposure to particulate matter, including minerals [13, 14]. Both approaches are valid 

for disease prevention and treatment. However, due to the lack of communication between the 

two fields, until recently materials used by biologist were not well characterized or normalized 

properly and the fluids used by geoscientists lacked complexity. Consequently, progress in 
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determining a particle’s toxicity has been hindered, resulting in a deficient understanding of 

particle-induced pathogenesis.  

The emergence of new technologies has fostered data sharing and international 

collaborations; however, new technologies also drive the need for exposure research by further 

necessitating the mining of metals, the development of tools that distribute large amounts of dust 

into the air and the advance of nanomaterials [15]. For the most part, the relatively stricter safety 

regulations protect workers and the surrounding communities, but this is not always the case. 

Large scale contaminant exposures due to ignorance, negligence, or simply accidents occur 

numerous times a year worldwide, while exposures to nonpoint source pollution or even natural 

hazardous materials occur daily [16]. The research presented in this dissertation is highly 

interdisciplinary and focuses on exposure to geomaterials. By utilizing geochemical and 

pharmacological techniques, the role a material’s structure, chemical composition, oxidation 

state, and complexity can have in generating stress in the body is better understood, thus 

allowing for insights into the underlying cause of pathogenesis.  

 

1.1.2. Fenton Chemistry and Disease 

The bulk of my research is focused on the role of Fenton metals, iron in particular, on 

pathogenesis [17, 18]. Even though the reaction was first described in 1894, the highly oxidative 

product in the reaction was not determined to be hydroxyl radicals until 1934 [19, 20]. The 

oxidative capabilities of a system containing ferrous iron and hydrogen peroxide continue to be 

an area of interest due to its health and remediation implications and a large body of research has 

been has been published on this topic since [12, 18, 21-23]. The sequence of reactions describing 

the interaction of ferrous iron with dissolved oxygen, including the Fenton reaction (Equation 3), 

are noted below: 

Fe2+ + O2 � Fe3+ + O2˙
-      Eqn. 1 

Fe2+ + O2˙
- + 2H+ � Fe3+ + H2O2     Eqn. 2 

H2O2 + Fe2+ � Fe3+ + ˙OH + -OH     Eqn. 3 

3H2O2 + 2Fe3+ � 2Fe2+ + 2H2O + 2O2 + 2H+    Eqn. 4 

Reactions 1 through 3 represent the stepwise reduction of dissolved oxygen with iron as 

the electron donor.  Equation 4 recycles ferric iron to ferrous iron.  Collectively this set of 

reactions is often referred to as Fenton chemistry.  Due to its abundance and high reactivity, the 
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focus of Fenton research has been on catalysis by ferrous iron. However, besides iron, metals 

like chromium, copper, vanadium and manganese have been shown to generate ROS, although 

the reaction mechanisms are not well understood [18, 24, 25]. Given the number of metals that 

are known to generate hydroxyl radicals, Equation 3 can be generalized to [23]:  

H2O2 + Mn+ � M(n + 1)+ + ˙OH + -OH    Eqn. 5 

where M is a metal cation which can donate one electron and be stable at this new oxidation state 

[23]. By acting as a reducing agent, Equation 5 represents one of the ways metals can interact 

with oxygen species. When in the oxidized state, the metal has the potential to act as a one 

electron oxidizing agent (Equation 4). However, the shift in electrons and protons that occurs in 

Fenton chemistry can also occur in the absence of any metal species and as part of the body’s 

immune system [24, 26, 27]. 

 Inflammation in the body occurs when there is an imbalance between pro- and anti-

oxidants [27]. It is, therefore, postulated that, after exposure to particulate matter, metal mediated 

ROS formation within the body may contribute to pathogenesis. However, some studies indicate 

that there is not a direct correlation between oxidative stress and particle-derived ROS formation 

[28]. Given this, when evaluating the hazardous nature of a material, it is important to not only 

determine its ability to directly generate ROS but also the biological response to it. Not only will 

this help determine the hazard level of a material, it will also help identify the origin of its 

toxicity.   

 

1.2. Organization of Dissertation 

This dissertation is comprised of six main chapters that are focused on the role of 

particle-derived ROS in pathogenesis. Each chapter represents a distinct project, which can be 

viewed as standalone papers. Chapters 2, 3 and 4 focus on the role of pyrite in the pathogenesis 

of coal workers’ pneumoconiosis (CWP). Chapter 5 investigates the inflammatory nature of 

common ore minerals. Chapter 6 utilizes metal salts and manganese doped goethite in order to 

determine the inflammatory nature of manganese. Chapter 7 investigates the role that natural 

dust exposure has on the development of lung illnesses among United States soldiers returning 

from deployment in Iraq. Finally, chapter 8 offers an overview of the dissertation, highlighting 

the overall conclusions and future directions of the research.  
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Chapter 2 evaluates if ROS form as byproducts in the oxidative dissolution of pyrite in 

simulated lung fluid (SLF) under biologically applicable conditions and determines the 

persistence of pyrite in SLF. This study also addresses the importance of performing this type of 

experiment under biologically applicable conditions as opposed to in water.  This paper has been 

published in Environmental Geochemistry and Health in 2011.  

 Chapter 3 introduces a new technique for assessing particle toxicity, the inflammatory 

stress response (ISR). Aside from the detailed outline of the experimental protocol, the utility of 

the technique was demonstrated by studying two soil reference materials provided by NIST, 

anatase powder, glass beads and pyrite.  This suite of materials represents relatively inert 

materials (glass beads and anatase), moderately reactive materials (soils), and a highly reactive 

material (pyrite).  This work is published in Geochemical Transactions, an Open Access journal, 

as a methods paper.  

 Chapter 4 elucidates the importance of the pyrite content of coal in causing CWP. The 

ISR generated by five natural coal samples containing variable pyritic sulfur contents is 

determined. This work is in review.  

Chapter 5 focuses on the inflammatory nature of eight metal-sulfide ore minerals or 

accessory ore minerals and their ability to directly generate ROS. By utilizing the ISR toxicity 

marker, the importance of evaluating the chemistry, oxidation states and structure of a material 

when assessing risk management is highlighted.  

Chapter 6 explores the role of a lesser known Fenton metal, manganese, in generating an 

ISR. Aside from using metal salts, goethite samples doped with varying concentration of 

manganese are synthesized. The importance of oxidation state in toxicity is highlighted, as well 

as the importance of using ISR as a measure of toxicity.  

Chapter 7 reports on the inflammatory nature of a natural dust sample obtained near a 

burn pit in Camp Victory, Iraq. This material is compared to another dust sample of similar 

chemistry and mineralogy obtained from Fort Irwin, California. The role of particle overload in 

pathogenesis is discussed in the context of lung illnesses of United States soldiers after 

deployment in Iraq. 
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2.1. Background 

Coal mining represents an occupational health burden that is likely to increase globally. 

Even with the emergence of alternative energy resources, coal continues to be a major energy 

supply worldwide and its demand and production are still on the rise. Currently 45% of the 

electricity in the United States is derived from coal-burning power plants[29]. The 2003 Basic 

Energy Sciences Advisory Committee forecasts that by the year 2050 the energy requirements 

for Earth’s population will double. Most of this increased energy demand will likely be met with 

fossil fuels, and coal in particular. More specifically, according to the United States Energy 

Information Administration, world coal consumption will increase by 49% from 2006 to 2030 

(127.5 quadrillion Btu to 190.2 quadrillion Btu) [30]. Much of the recent increase in production 

to meet the growing global energy demand has come by expansion of coal mining in Asia. 

Whereas in the United States coal mining has been transformed into a highly mechanized 

operation, coal mining in less developed countries, such as China, is a labor intensive operation.  

The most prevalent work-related ailment among coal miners is Coal Workers 

Pneumoconiosis (CWP). Coal miners account for no more than 0.02% of the US population, but 

represent half of the pneumoconiosis deaths during the last decade of the 20th century [31], 

which points to the high prevalence of CWP among coal miners. Originally thought to be a 

variant of silicosis, CWP has recently been linked to pyrite. An epidemiological study has 

demonstrated a correlation between the Bioavailable Iron (BAI) content in coal and the 

prevalence of CWP in miners [15]. BAI is defined as the amount of iron released over a three 
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hour period in 10 mM phosphate solution at room temperature and a pH of 4.5 [15, 32]. The 

results of a recent experimental study suggest that the pyrite content of the coal, which can be as 

high as 5% by weight, is the underlying factor that causes the relationship between BAI and the 

prevalence of the disease [11]. Furthermore, a study conducted in Great Britain showed that 

tissue recovered from pneumoconiotic lungs of deceased coal miners has abnormally high 

amounts of iron-enriched material [33], consistent with the notion that exposure to iron minerals 

associated with coal plays a role in the pathogenesis of CWP. Pyrite and pyrite-bearing coal have 

recently been shown to spontaneously generate ROS when placed in water [34, 35]. On the basis 

of these results and additional research with pyrite-bearing coal, it has been suggested that the 

inhalation of iron-bearing dust may be responsible for a chronic elevated level of reactive oxygen 

species (ROS) production in lung tissue. This, in turn, may contribute to the pathogenesis of the 

disease [11]. However, these conclusions were based on experiments conducted in water. The 

goals of this study are to determine the oxidative dissolution rate of pyrite in simulated lung fluid 

(SLF) and to evaluate if pyrite particles can generate ROS in SLF.  

Simulated lung fluid is a proxy for the extracellular fluid lining the surface of the alveolar 

epithelium [36-38]. This area of the lungs accumulates all of the respirable particulates and it is 

the primary environment for dissolution before phagocytosis can occur (for phagocytosis to 

occur a particle must be less than 15 to 20µm in size [39]) [10]. While phagocytosis is the 

primary method of clearance for respirable particles, “particle overload” can occur if the 

inhalation rate is greater than the alveolar clearance rate [40, 41]. Under conditions of particle 

overload, the clearance rate due to phagocytosis can be slowed or halted [42]. Hence, it is useful 

to experimentally determine the rate of dissolution of environmentally relevant particles, such as 

pyrite, in SLF. On the basis of experimentally determined dissolution rates it is possible to 

estimate the total time it takes to dissolve a particle of a given size upon inhalation.  

A range of SLF formulations with different levels of complexity have been used in 

studies designed to evaluate the persistence/dissolution of particulate matter. Gamble’s 

description of the composition of extracellular lung fluid is the basis for the formulation of SLF 

used here and in most other studies [43]. There are two different approaches to approximate 

natural extracellular lung fluid. One approach is to use a solution that is principally sodium 

chloride with both additional inorganic (bicarbonate, ammonium, phosphate) and organic 

components (glycine and citrate). The solution is kept at 37°C and buffered at pH 7.4 by 
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bubbling a 5% CO2-air gas mixture through it. The drawback of this approach is that it does not 

capture the complexity of lung fluid as it lacks proteins, fatty acids, antioxidants, and other 

complex biomolecules. This shortcoming is overcome in the second approach by adding various 

complex biomolecules to the “simple” SLF.  

A simple SLF is often used, however, to study the biopersistence of particulate matter in 

vitro [10, 43-51]. It has been shown that the absence of proteins and antioxidants has no marked 

effect on the dissolution rate of natural or man-made contaminants [46, 50], as long as the 

temperature and pH are kept at biologically relevant conditions. For example, the dissolution rate 

of talc at 37°C and a pH of 7.4 does not change when the fluid is varied from a very simple 

phosphate buffered solution to a more complex SLF [50]. In the present study, the rate of pyrite 

oxidative dissolution was determined in both a simple SLF (see Table 1) and one with added 

proteins and fatty acids. While a simple SLF formulation does not capture the full complexity of 

natural lung fluid, its simplicity makes it possible to evaluate the full extent to which particulates 

can generate ROS. The addition of more complex biomolecules provides additional pathways for 

superoxide, hydrogen peroxide, and hydroxyl radical to react, which decreases the steady state 

ROS concentrations. For example, as demonstrated in this study, the addition of a mixture of 

proteins and fatty acids (beractant, Survanta®); Table 2) lowers the hydrogen peroxide 

concentration in an experiment in which pyrite was dispersed in SLF lacking complex 

biomolecules. 

The formation of ROS in pyrite slurries is a byproduct of oxidative dissolution of pyrite 

in air-saturated fluids. The equations below represent simplified reactions known to occur in 

natural waters. Although the systems complexity increases in vivo, the simplified reaction paths 

remain applicable. The oxidant can either be molecular oxygen (Equation 1) and/or dissolved 

ferric iron (Equation 2). Dissolved ferric iron can be formed in a pyrite slurry by the oxidation of 

ferrous iron (Equation 3). 

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2- + 4H+   Eqn. 1 

FeS2 + 14 Fe3+ + 8H2O → 15Fe2+ + 2SO4
2- + 16H+  Eqn. 2 

2Fe2++ 1/2O2 + 2H+
→ 2Fe3++ H2O    Eqn. 3 

The oxidative dissolution of pyrite allows for iron to be released into solution as ferrous iron. 

When ferrous iron interacts with dissolved molecular oxygen, the Haber-Weiss reaction 
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mechanism sequence is initiated. This reaction sequence leads to the formation of hydrogen 

peroxide with superoxide acting as an intermediate (Equations 4 and 5).  

Fe2++ O2 → Fe3++ ˙O2
-     Eqn. 4 

Fe2++ ˙O2
- + 2H+ → Fe3++ H2O2    Eqn. 5 

The existence of hydrogen peroxide allows for the formation of another ROS, hydroxyl radical, 

via the Fenton reaction (Equation 6). The fate of hydrogen peroxide depends, however, on the 

relative availability of ferrous and ferric iron. While a reaction with ferrous iron leads to the 

formation of hydroxyl radical, a reaction with ferric iron leads to decomposition of hydrogen 

peroxide into water and oxygen (Equation 7). In this respect, ferric iron acts similar to catalase 

[52].  

H2O2 + Fe2+
→ Fe3++ OH-+ ˙OH     Eqn. 6 

3H2O2 + 2Fe3+
→ 2Fe2++ 2H2O + 2O2 + 2H+   Eqn. 7 

It is expected that pyrite oxidative dissolution in SLF differs from pyrite oxidative dissolution in 

water, because dissolved phosphate has been shown to slow the rate of pyrite oxidative 

dissolution [53] and carboxylic acids have been shown to sorb onto its surface [54]. Sorption of 

carboxylic acids could affect the reaction mechanism and dissolved carboxylic acids may 

suppress the concentration of hydroxyl radical by complexing ferrous iron and preventing the 

Fenton reaction (Equation 6) or by scavenging the radical. 

 

2.2. Experimental Methods 

2.2.1. Batch Experiments 

Batch oxidative dissolution experiments were performed on slurries of pyrite (Huanzala, 

Peru) in a 250 mL, glass, magnetically stirred vessel equipped with a water jacket (Ace Glass 

™). The vessel was fitted with a cover containing four ports to allow for insertion of a pH probe, 

a dissolved oxygen probe, a titrant buret, a gas inlet and outlet, and a sampling tube. Both in situ 

and ex situ measurements were performed. The in situ measurements – temperature, dissolved 

oxygen and pH – were used in real time to keep the conditions in the mineral slurry saturated 

with air, at pH 7.4, and at 37˚C. The ex situ measurements – hydrogen peroxide, ferrous iron and 

sulfate – were used to determine the rate of pyrite oxidative dissolution and to determine the 

concentration of hydrogen peroxide throughout the course of the experiments.  
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X-ray fluorescence spectroscopy (Bruker S4 Pioneer) showed that the pyrite used in these 

experiments contained little to no impurities. Before use, the pyrite was crushed in an agate mill 

and sieved to less than 38 µm in order to obtain a suitable size fraction. The starting material was 

subsequently cleaned using a 0.1 M HCl solution to remove iron hydroxide and/or iron oxy-

hydroxide patches from the surface and stored under vacuum in an anaerobic glovebag. The 

specific surface area of the pyrite, determined with a Quantachrome NOVA 5-point BET 

analyzer, was 1.923 m2/g. The average diameter is estimated on the basis of the specific surface 

measurement to be 0.62 µm. 

The temperature of the reaction vessel was controlled via a constant-temperature 

circulating water bath equipped with a thermostat-controlled heater. Kept at 37°C, the 

experiment was further monitored using a dissolved oxygen probe equipped with a thermistor 

(HACH™ LDO probe). This same probe’s primary use was to continuously monitor the 

dissolved oxygen (DO) content in the slurry. The pH was monitored using a Titroline Alpha™ 

pH-stat equipped with a single junction, gel-filled electrode (Fisher™). The electrode was 

calibrated with standard NIST-traceable pH buffer solutions before the start of the experiment.  

In order to evaluate the effect of SLF on the oxidative dissolution rate of the pyrite, 

separate replicate batch experiments were conducted with deionized (DI) water and SLF. In both 

experiments, molecular oxygen was the oxidant (some ferric iron is likely to have formed in the 

system, but at the pH of the experiments (7.4) very little dissolved ferric iron is expected to be 

present). The vessel was charged at the start of each experiment with 170 mL of the desired 

liquid (DI H2O or SLF), which was allowed to warm to 37°C and reach a pH of 7.4 before the 

pyrite was added (~1 hour). The DO content was also allowed to stabilize at ~6.5 mg/L, which 

represents saturation at the temperature of the experiments. Although considered a high dose, a 

pyrite loading of 0.004 m2/mL was used for each experiment (353 mg/170 mL) allowing for 

comparison with previous work. The reaction vessel was covered with aluminum foil throughout 

the experiment to block out the effect of light on pyrite oxidative dissolution, which has been 

shown to increase the oxidative dissolution rate [55]. Samples were taken over the course of the 

experiment for iron, sulfate and hydrogen peroxide analyses.  

For the majority of the experiments performed in SLF, the pH was kept constant using 

the buffering capacity of the SLF in conjunction with CO2. The CO2 was delivered to the system 

via a tank containing 10% CO2 in compressed air and fed into the system using a bubbler. The 
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flow rate of the CO2 gas was adjusted so that the pH of the fluid was maintained within ± 0.1 of 

7.4. Fresh SLF was prepared before each experiment using the procedure of Bauer et al. [10] 

which is a simple SLF [51]. Briefly, individual sodium dihydrogen phosphate monohydrate, 

sodium citrate dihydrate, sulfuric acid, ammonium chloride and calcium chloride solutions were 

made. The latter two intermediate solutions were filtered using 0.22 µm membrane slip-on filter 

before being added to the final container. The above solutions were mixed with a solution of 

sodium chloride, sodium bicarbonate, sodium carbonate and glycine in a calibrated glass flask. 

Given the short duration of the experiments, formaldehyde—a bactericide—was not added to the 

SLF as prescribed by Bauer et al (Table 1) [10]. The reagents used were of the highest quality, 

although we cannot exclude that they contain some trace amounts of metal. However, given their 

consistent use throughout the course of the experimental process and their trace levels compared 

to the amount of iron released by the pyrite, their presence is not expected to affect the 

conclusions. All SLF solutions were used within 24 hours of preparation. The SLF solutions 

were stored in the dark at 4˚C between preparation and use in the experiments. The effect of a 

more complex SLF solution on the pyrite oxidative dissolution rate was evaluated by adding two 

separate 6 µg/mL aliquots of Survanta® to a batch experiment with the simple SLF [56]. By 

determining the rate of sulfate formation before and after the additions of Survanta® we were 

able to calculate the pyrite oxidative dissolution rate in simple SLF and the rate with added 

proteins and fatty acids, while all other conditions in the experiment remained constant. The 

airflow into the reaction vessels was kept at 120 mL/minute. For experiments performed with DI 

water at 37°C, a 0.1 M NaOH solution was automatically titrated into the vessel to maintain the 

pH within a desirable range (7.4 ± 0.4). Tank gas was not used for these experiments; air was 

simply bubbled through the system via an air pump (Secondnature Challenger I). The air stream 

from the pump was first passed through a KOH solution to remove CO2, which is necessary to 

keep the pH under control.  

The concentration of hydrogen peroxide was determined in aliquots withdrawn from the 

vessel using the leuco crystal violet (LCV) method as previously reported [34], with some minor 

modification to compensate for the high buffering capacity of the SLF used in the experiments. 

In short, this modified method consists of pipetting 500 µL Na EDTA into a polystyrene cuvette 

(the EDTA is added to prevent the decomposition of hydrogen peroxide in the sample via the 

Fenton reaction by chelating free iron). Next, 100 µL of HRP and LCV reagent are added, 
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followed by a pH buffer, KH2PO4, to ensure the pH is at/near the optimal range of 4.2. Finally, 

700 µL DI water was added. This mixture of reagents was prepared in the cuvettes before a 500 

µL sample was withdrawn by syringe from the vessel for hydrogen peroxide analysis. The 

sample was filtered using a 0.22 µm membrane slip-on filter before adding it to the reagents in 

the cuvette. After incubation in the dark for ten minutes, the absorbance of the purple complex 

was measured using a HACH DR/4000 UV/vis spectrometer at a wavelength of 590 nm. 

Standards were made in order to determine the concentration of hydrogen peroxide in the 

samples. The concentration of dissolved ferrous iron remaining in the slurry at the end of the 

experiment was quantified by means of a HACH DR/4000 UV/vis spectrometer, using Hach™ 

Ferrozine method (Hach™ method 8147). The samples were analyzed for sulfate, a proxy for 

pyrite dissolution, using an automated ion chromatograph (Dionex™ DX 500) equipped with an 

AS4A-SC column.  

 

2.2.2. Fluorescence Assay Procedures 

The effect of SLF on the formation of hydroxyl radical was determined in a separate set 

of experiments apart from the batch experiments described above. The experiments followed a 

previously published protocol for the determination of hydroxyl radical in mineral slurries [57]. 

Natural pyrite from Huanzala, Peru, was purchased from Wards, crushed in an agate mill, sieved 

to less than 38 µm and stored under anoxic conditions until use. Using a five-point N2 adsorption 

BET, the specific surface area of the pyrite was determined to be 1.25 m2/g. The average particle 

size was one micron based on the specific surface area measurement. SLF was prepared as 

described above. The slurries (one in water and one in SLF) were spiked with the fluorogenic 

probe 3’-(p-aminophenyl) fluoroscein (APF) [58] at a concentration of 10 µM. For the 

experiments performed without pyrite, the same concentration of APF was injected as well as a 

10 mM solution of ferrous ammonium sulfate heptahydrate or a 10 mM solution of ferric sulfate 

pentahydrate (one in water and one in SLF each). The slurries/samples were subsequently 

incubated for 24 hours at 25˚C. During the incubation periods the slurries were placed on a 

Barnstead/Thermolyne Labquake rotating mixer to keep the minerals in suspension.  

After the incubation period, all samples were measured in 4-ml methylcrylate 

fluorescence cuvettes on a Turner Barnstead spectrofluorometer with excitation and emission 

wavelengths of 490 nm and 520 nm, respectively. Samples were calibrated against a standard 
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calibration curve with known amounts of hydrogen peroxide, APF, potassium phosphate buffer 

at pH 7.4, and HRP. APF was purchased from Invitrogen. All other chemicals were obtained 

from Fisher Scientific, except for Type II horseradish peroxidase, which was acquired from 

Sigma. All chemicals were of the highest available purity. The SLF, hydrogen peroxide, HRP 

and phosphate buffer solutions were prepared in Easy Pure 18.3 MΩ-cm, UV-irradiated, ultra-

filtered water and stored in the dark at 4° C. 

 

2.3. Results  

A comparison between the oxidative dissolution rates of pyrite in water versus SLF was 

performed on the basis of net sulfate formation per unit time. The starting SLF solution contains 

some sulfate, hence the comparison of oxidative dissolution rate of pyrite in SLF and water is 

based on the rate of sulfate formation over time, or net sulfate formation per unit time. The net 

sulfate formation rate is calculated based on a linear regression of sulfate concentrations 

determined in triplicate of samples withdrawn from the vessel over the course of the experiment. 

The regression analysis shows that the oxidative dissolution of pyrite in SLF is twice as slow 

(51%) as compared to its oxidative dissolution rate in water (Figure 1). The addition of 

Survanta® has no effect on the rate of pyrite oxidative dissolution in SLF (Figure 1). This 

indicates that SLF with or without fatty acids and proteins exerts an important inhibitory effect 

on the oxidative dissolution of pyrite.  

While the oxidative dissolution rate in SLF appears to be suppressed when compared to 

water, the hydrogen peroxide content in SLF is nearly twice as high initially (Figure 2). 

Preliminary experiments with SLF without Survanta® showed a steady state hydrogen peroxide 

concentration that was twice as high as the steady state concentration in an equivalent 

experiment with water. In the experiment with SLF presented in Figure 2, Survanta® was added 

before a steady state concentration in hydrogen peroxide was established. After the addition of 

Survanta®, the hydrogen peroxide concentration dropped rapidly, well below the level seen in 

the experiment with water.  

Experiments using APF show that on average the hydroxyl radical concentration was 

78% higher in experiments with water compared to experiments with simple SLF (Figure 3). 
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2.4. Discussion 

The results show a significant decrease in pyrite oxidative dissolution rate combined with 

a higher initial concentration of hydrogen peroxide, but a lower concentration of hydroxyl radical 

in SLF compared to water. The slower pyrite oxidative dissolution in SLF is not unexpected, 

since the presence of phosphate inhibits pyrite oxidative dissolution, particularly at pH 4 and 

higher [53]. Given the phosphate concentration in SLF (1.2 mM), one would expect a significant 

suppression of the oxidative dissolution rate. Besides phosphate, organic components in SLF 

may also contribute to the diminished oxidative dissolution rate; for instance, glycine adsorbs to 

sulfur defects sites on the pyrite surface [59]. It is somewhat surprising that the additions of 

Survanta® – a natural surfactant – to simple SLF did not have an effect on the oxidative 

dissolution rate of pyrite, which is a surface-controlled process. However, this result is consistent 

with earlier work on the dissolution of talc in simple and more complex SLF [50]. The study 

with talc did not show a significant difference in dissolution rate between the two conditions. 

Hence, the results obtained in this study indicate that the complexity of the surfactant-free SLF is 

sufficient to determine biopersistence of pyrite in the lungs.  

The steady state concentration of hydrogen peroxide appears to be strongly influenced by 

the solution composition. Hydrogen peroxide is formed in the first two-electron transfer step 

from the pyrite surface to molecular oxygen [52]. In addition, hydrogen peroxide is formed from 

superoxide when dissolved ferrous iron is oxidized by molecular oxygen. So the rate of 

formation of hydrogen peroxide in a pyrite slurry depends on the rate of pyrite oxidative 

dissolution as well as the direct one-electron reaction of molecular oxygen and dissolved ferrous 

iron. The steady state concentration of hydrogen peroxide is a balance between its formation and 

its decomposition. Hydrogen peroxide decomposition may either proceed via the Fenton 

reaction, which requires ferrous iron, or via a reaction with ferric iron producing water and 

oxygen [52]. Hence, the amount of iron in solution and its speciation is a key factor in 

determining the concentration of hydrogen peroxide in these experiments at any given time. 

On the basis of the stoichiometry of pyrite (FeS2), it is expected that the rate of iron 

release is half that of the rate of sulfate release. For example, upon completion of the experiment 

performed in SLF the total concentration of sulfate was 1165 µM, which means that the total 

concentration of ferrous iron released is expected to be 328 µM (this is half of the increase in 

sulfate over the course of the experiment, noting that 509 µM sulfate is present at the start of the 
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experiment because SLF contains some sulfate salt). However, the measured number was more 

than a factor of 10 less at 25.7 µM. This much lower dissolved iron content is a good indication 

that a significant amount of iron has been sequestered as Fe(III)-OH patches on the pyrite 

surface. The presence of these patches has been established in several studies using different 

techniques [60, 61]. Rather than passivating the pyrite surface, the Fe(III)-OH patches are known 

to be the major conduits for electron transfer between molecular oxygen and pyrite [62, 63] and 

are thought to play a role in the decomposition of hydrogen peroxide formed in the oxidative 

dissolution of pyrite (Schoonen et al, 2010). The development of the patches over time is likely 

responsible for the drop in hydrogen peroxide after the initial burst in the experiment with water 

and the section of the experiment with SLF in the absence of Survanta® (see Figure 2). 

 Several components in the SLF may be influencing the relative rates of the two hydrogen 

peroxide decomposition reactions through complexation of dissolved iron. Earlier work has 

shown that hydrogen peroxide can be stabilized in pyrite slurries by adding EDTA, a strong 

Fe(II) chelator [35]. Citrate, which is present in SLF used here, also forms strong complexes with 

ferrous iron. This notion is supported by a speciation calculation conducted with the program 

PHREEQCI [64]. In experiments performed in water, 98% of the ferrous iron is present as Fe2+; 

while in experiments performed in simple SLF, 23% of the ferrous iron is present as Fe2+ and 

64.5% is present as FeCitrate- (see Table 3). The high concentration of phosphate in SLF may 

inhibit the decomposition of hydrogen peroxide with ferric iron as reactant. This reaction is 

likely to take place on Fe(III)-OH patches on the pyrite surface that form as oxidative dissolution 

progresses. These patches are also the preferred sites for phosphate sorption. Hence, adsorption 

of SLF-derived phosphate is likely to slow down the decomposition of hydrogen peroxide to 

water and molecular oxygen. It is not clear, however, why the addition of Survanta® promotes 

the decomposition hydrogen peroxide (Figure 2). The addition of Survanta® triggers a rapid 

decrease of the hydrogen peroxide concentration, but it remains unclear whether this is due to a 

decrease of hydrogen peroxide formation or an increase in its decomposition. 

Chelation of ferrous iron could also explain the lower concentration of hydroxyl radical 

in the experiments with simple SLF. By chelating ferrous iron, the hydrogen peroxide is partially 

stabilized and less hydroxyl radical is formed. Another factor that is difficult to evaluate is the 

possibility that some hydroxyl radical may have reacted with organic components present in 

SLF, generating other radicals for which APF is not sensitive. For example, glycine is known to 
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react with hydroxyl radical [65, 66]. This reaction then may have suppressed the hydroxyl radical 

concentration as reported by the APF probe. The only way to evaluate this is to conduct a series 

of Electron Spin Resonance experiments, which would determine the type and approximate 

concentrations of radical(s) present. However, this is outside the scope of the present study. 

The results of this research allow one to constrain the lifetime of inhaled pyrite particles 

and evaluate their possible role in CWP pathogenesis. On the basis of the oxidative dissolution 

rate of pyrite in SLF (Table 4 and Figure 1), the length of time an individual pyrite grain could 

be expected to persist in the lungs is determined based on the dissolution kinetics model by 

Lasaga [67] (Figure 4). Predictably, fine-grained pyrite particles will dissolve in a shorter period 

of time. For example, a one micron particle is expected to be dissolved in about 1.5 years. By 

contrast, a particle with a diameter of 10 µm is projected to take more than a decade to dissolve. 

Approximately 80% of the airborne particles in an underground coal mine are larger than 10 µm, 

which is the cutoff for a particle to be considered respirable [68]. Pyrite in coal is typically 

present as micron or submicron particles embedded in the coal [69, 70]. So a lifespan on the 

basis of a one micron particle is more realistic. However, in gold and base-metal mines where 

pyrite is also common, the crystal size of pyrite in the rock is typically well above one micron. 

Hence, frequent exposure to coal dust, or other mined material, containing pyrite is expected to 

lead to a buildup of pyrite in the lung. The implication of the work reported here is that exposure 

to coal dust will lead to inhalation of pyrite particles that will slowly dissolve over the time scale 

of years. Research into the iron content of coal miner’s pneumoconiotic lung tissue supports 

these timescales in that the tissue contained abnormally high amounts of iron but no pyrite [33]. 

Since autopsies usually occur years after retirement all of the pyrite should be dissolved, leaving 

only iron. 

The persistence of respirable pyrite particles on timescales of years may promote a 

chronic level of inflammation with pyrite-derived hydrogen peroxide and ferrous iron producing 

the highly reactive hydroxyl radical. Other mineral components in coal, such as quartz, may 

contribute as well to the pathogenesis of CWP, but none of these particles produce hydrogen 

peroxide and hydroxyl radical in the quantities seen with pyrite [71]. Quartz and other minerals 

present in coal are, however, more persistent due to their very slow dissolution rate. This is 

illustrated with calculations of the lifespan of one micron particles of pyrite compared to that of 

one micron quartz particles (Table 5). Note that these calculations are based on dissolution rates 
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in pure water, not SLF, so data in Table 5 represent a minimum life span. The reactivity of other 

minerals linked to occupational lung ailments, chrysotile (white asbestos) and forsterite (olivine; 

used in glassmaking), are also presented in Table 5 for comparison. One micron asbestos 

particles are projected to be dissolved in less than a year, while one micron forsterite and quartz 

particles will not be dissolved in a human lifetime. There is clearly a need to conduct dissolution 

experiments in SLF so that more accurate estimates of the persistence of minerals important in 

occupational health can be obtained. 

It is important to recognize that while this study addresses some of the complexity of 

inhalation exposure of pyrite associated with coal; it does not take into account the contribution 

of cellular responses to the exposure. For example, it is well known that epithelial cells will 

produce hydrogen peroxide in response to exposure to particulate matter. The hydrogen peroxide 

produced via this cellular mechanism will be in addition to any hydrogen peroxide produced by 

the minerals themselves. This also raises the specter of a synergy between pyrite and 

biopersistent minerals, such as quartz contained in coal. Both quartz and pyrite may trigger the 

cells to produce hydrogen peroxide, but pyrite promotes the formation of hydroxyl radical within 

the cells, which can contribute to the pathogenesis of CWP. We are currently studying the 

cellular response of epithelial cells to exposures of coal with different levels of pyrite.  

 

2.5. Conclusions 

The oxidative dissolution rate of pyrite in SLF with or without proteins and fatty acids 

has been determined for the first time. The addition of proteins and fatty acids to SLF does not 

affect the oxidative dissolution rate. The rate in SLF is about a factor of two slower than the rate 

of pyrite oxidative dissolution measured in air-saturated water. Not only does the SLF lead to a 

slower dissolution rate, it also changes the concentration of hydrogen peroxide and hydroxyl 

radical in solution. Chelation of iron is thought to be responsible for the stabilization of hydrogen 

peroxide, leading to higher initial concentrations than in experiments with water. Over time the 

concentration of hydrogen peroxide decreases; addition of beractant (Survanta®) to SLF leads to 

a rapid decrease of hydrogen peroxide in pyrite slurries. The initial stabilization of hydrogen 

peroxide also explains the lower hydroxyl radical concentrations observed in experiments with 

SLF. The pyrite oxidative dissolution rate data in SLF suggests that pyrite particles with a size of 

one micron are expected to persist for more than a year in the lung. Thus frequent inhalation 
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exposure to pyrite can lead to the buildup of a source of reactive ferrous iron that likely 

contributes to the pathogenesis of CWP. 
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Table 2.1. Composition of Simulated Lung Fluid* 
 

Components Concentration (mM) 

Na+ 150.7 
Ca2+ 0.197 
NH4

+ 10.0 
H2CNH2CO2H (glycine) 5.99 

Cl- 126.4 
SO4

2- 0.5 
HCO3

- 27.0 
HPO4

2- , H2PO4
- 1.2 

[HOC(CH2CO2)2CO2]
3- (citrate) 0.2 

* Modified Gamble’s solution from Bauer [10]. 
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Table 2.2. Composition of Survanta® (beractant)*
#
  

 
Components Concentration (mg/mL) Details 

Phospholipids 25 Including 11.0-15.5 disaturated phosphatidylcholine 
Triglycerides 0.5-1.75 n/a 

Free fatty acids 1.4-3.5 n/a 
Protein < 1 Two hydrophobic, low molecular weight (SP-B and SP-C) 

* Suspended in a 0.9% sodium chloride solution 
# (Drugs.com Updated: 2011 Sepember 19; Cited 2011 September 20] [72] 
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Table 2.3. Speciation of ferrous iron in SLF and H2O* 

 

Species 
Percent 

SLF H2O 

FeCitrate- 64.50 --- 
Fe+2 23.18 98.16 
FeHPO4 10.76 --- 
FeH2PO4

+ 1.18 --- 
FeOH+ 0.20 1.85 
FeSO4 0.19 4.1 x 10-5 
Fe(OH)2 8.3 x 10-5 1.1 x 10-3 
Fe(HS)2 4.5 x 10-7 8.8 x 10-6 
Fe(OH)3

- 1.2 x 10-7 1.1 x 10-6 
FeCitrateH 1.2 x 10-8 9.6 x 10-12 
Fe(HS)3

- 5.5 x 10-13 --- 

* Speciation calculations performed by PHREEQCI [64]. 
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Table 2.4. Lifespan of a pyrite particle based on dissolution rates for varying conditions* 
 

Experiment 
Dissolution Rate 
(mol / m2 / sec) 

Lifespan of a 1 µm Pyrite Particle  
(years) 

Water 8.63 x 10-10 0.77 
“Simple” SLF 3.70 x 10-10 1.79 

SLF with 6 µg/mL Survanta® 4.69 x 10-10 1.41 
SLF with 12 µg/mL Survanta® 4.64 x 10-10 1.43 

Overall SLF# 4.38 x 10-10 1.51 

* Experiments kept at 37°C with a pH of 7.4 and the pyrite had a specific surface area of 1.923 
m2/g and sample loading of 0.004 m2/mL.  
# The overall dissolution rate of pyrite in “Simple” SLF and the SLF after being dosed with 
Survanta®. The r2 value for this line is 0.9867. 
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Table 2.5. Calculated mean lifetime of a 1µm diameter particle in water* 
 

Mineral Lifetime (years) 

Quartza 17,024 
Forsteriteb 302 
Enstatitec 5.06 

Pyrite 0.77 
Chrysotiled 0.58 
Anorthitee 0.03 

* Calculation scheme of Lasaga [67] was used 
a Rimstidt and Barnes [73] 
b Grandstaff [74] 
c Schott et al. [75] 
d Lifetime taken directly from Jurinski [50]. Experiment in a 
phosphate-buffered saline solution. 
e Fleer [76] 
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Figure 2.1.Sulfate formation over time in batch experiments with pyrite. Batch oxidative 
dissolution experiments in which the sulfate formations between slurries of pyrite in water or 
SLF are compared. At two different points in time during the experiment with SLF, Survanta® 
was added as indicated by the dashed vertical lines. The temperature and pH were kept at 37°C 
and 7.4, respectively. Each symbol is the average concentration of triplicate analyses of sulfate; 
error bars for the average of the triplicate measurements are smaller than symbols used in graph. 
See text for more experimental details. 
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Figure 2.2. Hydrogen peroxide formation/degradation over time in batch experiments with 
pyrite. Hydrogen peroxide concentration throughout the course of batch oxidative dissolution 
experiments of pyrite performed in water and SLF, respectively. Note that Survanta® was added 
in two separate doses in the experiment with SLF, see arrows. 
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Figure 2.3. Comparison of hydroxyl radical formation under a variety of conditions with 
water or simulated lung fluid. Fluorescence assay experiments evaluating the production of 
hydroxyl radicals in water and SLF without fatty acids or proteins under varying conditions. The 
formation of hydroxyl radicals in the experiment performed in water with a pyrite loading of 10 
g/L is not represented since maximum detection limits were exceeded. 
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Figure 2.4. Persistence of pyrite as a function of size. The lifespan of pyrite particles of 
varying sizes in water versus SLF based on the dissolution rates determined in this study and the 
calculation scheme put forth by Lasaga 1984. To place the size of the particles in the context of 
exposures coal miners might experience, the relative mass frequency of particles found in the air 
of underground coal mines is shown in the left panel of the figure. The calculated results for 
pyrite particles with a size up to 10 µm are expanded in the inset on the lower right. Particles 
between 10 and 20 µm are abundant in air collected in active parts of underground coal mines. 
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Quantification of particle-induced inflammatory stress response: A novel approach for 

toxicity testing of earth materials 

 

Andrea D. Harrington1, Stella E. Tsirka2 and Martin A.A. Schoonen1* 

 

 

1 Department of Geosciences, Stony Brook University, Stony Brook, NY 11784-2100 

2 Pharmacological Sciences, Stony Brook University, Stony Brook, NY 11794-8651 

Manuscript published in Geochemical Transactions 

 

 

3.1. Background 

The inhalation of mineral, coal, and volcanic dust can lead to a spectrum of lung diseases 

[4, 6, 9, 77-85]. Even in cases where the disease origin is clear (e.g., asbestosis, silicosis and coal 

workers’ pneumoconiosis (CWP)), it is often unclear what role the earth material plays in the 

mechanism of pathogenesis (disease development). However, a common factor appears to be the 

upregulation of reactive oxygen species (ROS) in lung cells upon exposure [83, 86-91]. ROS are 

short-lived intermediate reduction products of molecular oxygen: superoxide (O2˙
 -), hydrogen 

peroxide (H2O2), and hydroxyl radical (˙OH) [92, 93]. Although their formation is tightly 

regulated in the cells and tissues [27], the upregulation of ROS levels within lung cells as a result 

of an exposure to particulate matter can lead to a state of chronic inflammation. This 

inflammation is thought to pave the way for the development of lung disease [94, 95]. The 

emphasis of most studies has been in the context of occupational health or extremely high 

particle exposures, such as in areas affected by deposition of volcanic ash [96]. However, there 

are growing concerns that chronic exposures to soil and mineral aerosols at particle loading 

levels much lower than those encountered in mines and other occupational environments where 

workers are exposed to high loading of particles can lead to public health issues [97-100]. 

Aerosol-induced upregulation of ROS appears to be a contributing factor in the health burden 

caused by these exposures with non-occupational particle loadings [97, 99-101]. Given the 

possible critical role of particle-induced ROS upregulation upon inhalation, it is important to be 
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able to measure this effect for a wide range of earth materials. Therefore, the aim of this study is 

to develop a method for determining the upregulation of ROS in epithelial lung cell cultures as a 

result of exposure to earth materials. The method is focused on epithelial cells because the lung 

lining is often where diseases such as silicosis, asbestosis, and CWP develop [102, 103].  

Earth materials can generate ROS spontaneously when dispersed in aqueous solutions 

free of cells and/or promote ROS upregulation in cells. It has been demonstrated that some 

minerals and other earth materials, such as coal, can spontaneously generate hydrogen peroxide 

and hydroxyl radical when dispersed in water [71, 87, 88, 92, 104-107] or simulated interstitial 

lung fluid [10, 36-38, 108]. Addition of earth materials to lung cell cultures can trigger an 

increase in ROS within the cells [109, 110]. Importantly, materials that do not show formation of 

ROS when dispersed in a cell-free aqueous system may elicit an upregulation of ROS in 

epithelial cells as part of a cellular response to the presence of a foreign substance.  

Two separate mechanisms are involved in the generation of ROS in cell-free mineral 

slurries. Surface defects may react with water or dissolved molecular oxygen to form radicals. 

This mechanism is thought to be important in the formation of ROS in quartz slurries. The quartz 

surface has several types of defects resulting from the homolytic and heterolytic cleavage of the 

Si-O bond. When exposed to water or molecular oxygen, these surface defects form ROS, see 

work by Hurowitz and coworkers and Fubine for details [86, 92, 106]. 

A second mechanism is based on the incomplete reduction of dissolved molecular oxygen 

through electron transfer reactions with a transition metal (made available via oxidative 

dissolution of particulates), most often ferrous iron [92]. The reactions relevant in the formation 

of ROS with ferrous iron are summarized below (Equations 1-4). The ferrous iron can either be 

aqueous ferrous iron or ferrous iron exposed on mineral surfaces.  

  Fe2+ + O2 � Fe3+ + O2˙
-     Eqn. 1 

  Fe2+ + O2˙
- + 2H+ � Fe3+ + H2O2    Eqn. 2 

  H2O2 + Fe2+ � Fe3+ + ˙OH + -OH    Eqn. 3 

  3H2O2 + 2Fe3+ � 2Fe2+ + 2H2O + 2O2 + 2H+   Eqn. 4 

Metals such as chromium, copper, vanadium, and manganese also generate ROS through the 

Fenton reaction (Equation 3) [18, 24, 25]. Although the reaction mechanisms for each of the 

Fenton metals has not been resolved at the same level of detail as with ferrous iron, the Fenton 

reaction (Equation 3) can be generalized to [23]:  
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  H2O2 + Mn+ � M(n + 1)+ + ˙OH + -OH    Eqn. 5 

where M is a metal cation which can donate one electron and is stable at the higher oxidation 

state [23].  

Epithelial lung cells exposed to particulate matter will upregulate ROS in an attempt to 

protect the cells against a foreign substance. Hydrogen peroxide release within epithelial lung 

cells is a non-specific defense mechanism designed primarily to kill pathogens [111], but the 

response is also triggered when cells encounter particulate matter [112]. Hence, the formation of 

ROS in cell-free aqueous systems is not a prerequisite for the upregulation of ROS when 

particles are added to lung cells, but particle-driven ROS formation may lead to enhanced ROS 

upregulation. The upregulation is expected to be particularly detrimental to cells if the material 

contains Fenton metals. Hydrogen peroxide produced in the cell will be converted to hydroxyl 

radical (Equation 5) [92], which will rapidly degrade a wide range of biomolecules leading to 

dysregulation of the cell and possibly cell death.  

Cell death is one of the confounding factors in measuring the upregulation of ROS as a 

result of an exposure to particulate matter. Without correcting ROS measurements for cell 

viability, it is possible to incorrectly conclude that the exposure does not lead to ROS 

upregulation when, in fact, a significant fraction of the cells have died and those that survive 

have also been challenged and generate a higher ROS concentration. In the present study (see 

Experimental) we normalize the ROS readings with respect to the cell viability. We measure 

both ROS production in the cells and the cell viability using two separate assays. We utilize the 

A549 epithelial cell line, which is frequently used in toxicity studies [113-115]. It was first 

cultured in 1972 from the cancerous lung tissue of a 58 year old man. These adenocarcinoma 

human alveolar basal epithelial cells are easily cultured and proliferate quickly [116]. The 

relative “ease of use” and the fact that 90-95% of lung cancers are thought to originate in 

epithelial cells make this cell line an apt toxicity media for geoscientists [117, 118].  

The two assays used in this cellular study are both routinely used in the biomedical 

community. The cellularly-derived ROS concentration is determined using 2’,7’-

dichlorofluoroscein-diacetate (DCFH-DA). This molecule is added to the cell culture and is 

taken up by living cells. Once in the cell it is converted to DCFH. DCFH reacts with hydrogen 

peroxide as well as hydroxyl radicals to become fluorescent DCF [119]. The fluorescence 

associated with the formation of DCF is a measure of ROS production in the living cells. Due to 
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the transient nature of ROS, it is important to use a probe that does not accumulate over time, but 

reflects both the rapid production and decay of ROS in the system. The cell viability is 

determined using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium (MTS) [120], which produces a formazan product in the presence of phenazine 

methosulfate (PMS). The concentration of formazan product in the system is directly 

proportional to the number of living cells. This probe does not “predict” future apoptosis or 

necrosis but indicates the cell viability at the time of the assay measurement. Taken together, we 

define an indicator of overall “inflammatory stress response” (ISR) that is based on the ROS 

production normalized to cell viability (Equation 6). 

��� = 	
����	�
���	������	���

����	��
������
∗ 100    Eqn. 6  

Apart from using two routine biomedical assays in combination to define ISR, it is also 

important to use well characterized materials. In the development of this method, a range of 

natural and synthetic particulate matter was used as test materials. Anatase and silica glass, both 

synthetic, are often used as control materials to register the minimal cellular response to 

exposure to particulate matter because these materials are considered to have minimal reactivity. 

Two readily available reference soils from the National Institute of Science and Technology 

(NIST) with different metal concentrations (San Joaquin Valley NIST # 2709 and Montana 

NIST# 2710, see Table1) were used. The San Joaquin Valley soil sample was collected after 

removing the top 13 cm of soil in a plowed field in the Panoche fan between the Panoche and 

Cantu creek beds in the San Joaquin Valley. This soil represents a natural material of low 

reactivity. The Montana soil was collected from the top 10 cm of soil along the Silver Bow 

Creek in Butte, which is located near a major copper mine. When the creek floods, high 

concentrations of copper, manganese, and zinc are deposited at the collection site. Given its 

elevated trace metal content, including Fenton elements (manganese and copper), this soil 

sample represents a moderately reactive material. In order to determine an upper range of ISR, 

the mineral pyrite is examined. The treatment of pyrite with acid removes the oxidized iron from 

the surface, allowing for more rapid ROS formation due to Fenton chemistry. The toxicity of 

these materials is most easily compared if the measurements are normalized with respect to 

exposed surface area [121-123]. This requires that the specific surface area of the material is 

determined and experiments are conducted over a range of particle loadings. Furthermore, it is 

useful to conduct measurements as a time series to capture the development of ROS over a 
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period of 24 hours.  

 

3.2. Experimental 

3.2.1. Culturing and Plating the A549 Human Lung Epithelial Cell Line 

The A549 human lung epithelial cell line was cultured using Ham’s F12K Media 

containing 10% Fetal Bovine Serum (FBS) and 1% 1X Penicillin/Streptomycin (A549 cell 

growth media). Once confluence was reached in T75 flasks (cells covering entire bottom 

surface), the cells were passaged (removed from original flask and placed in another to grow in 

fresh media) at 1 x 105 cells/mL using trypsin with Ethylenediaminetetraacetic acid (EDTA) to 

detach the cells (remove from flask walls). For counting purposes, some of the cells were stained 

with Trypan blue and quantified using a hemocytometer. Wells in Columns 3-10 of the 96-well 

microplates were loaded with 8 x 104 cells/mL, covered with microplate lid, and allowed to 

incubate at 37˚C in the A549 cell growth media until confluent (approximately 2 days). Due to 

background generated by the assays, Columns 1-2 and 11-12 were kept cell free for 

normalization. All work with cells took place in a sterile hood to avoid airborne bacteria that 

would affect the results. When not in the hood, the microplate lid was kept on at all times. The 

incubator provided a controlled environment in terms of temperature, relative humidity and 

carbon dioxide (CO2) concentration in air (37˚C, 95% and 5% CO2 in air, respectively).  

 

3.2.2. Inflammatory stress response measurements 

After a two day incubation period, the cell growth medium was discarded by tipping the 

microplates into a container lined with sterile gauze, while the cells remained attached to the 

bottom of the plate. All liquid contents were allowed to drain out (approximately two minutes). 

Columns 1-6 were filled with 200 µL 50 µM DCFH-DA (from Sigma Aldrich) in Hank’s 

Buffered Salt Solution (HBSS) and columns 7-12 were filled with 200 µL HBSS, and then 

placed in the incubator. During incubation, varying concentrations of the particle/contaminant 

slurry were created (normalized to surface area) via serial dilutions of a stock solution (i.e., 0.002 

m2 mineral/mL HBSS). After incubating for 20 minutes, all liquid contents of the microplate 

(DCFH-DA assay and HBSS) were again discarded (using the same approach as above). 200 µL 

of the contaminant slurry was added to the plates as shown in Figure 1. Rows A and H were kept 

free of contaminants due to edge effects, which simply put are widespread factors that cause the 
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degradation of assays during high-throughput screening experiments [124]. Row B was kept free 

of particles for normalization (control). After slurry addition, 20 µL MTS (from Promega) was 

added to all wells in columns 7-12. The plate was then placed in the incubator for 20 minutes 

before the first analysis. Therefore, each microplate had samples for the ROS and the viability 

assays, five particle loadings, and control wells (Figure 1). For each material tested, two 

microplates with identical loadings and layouts were evaluated simultaneously. Hence, the data 

for each particle loading for a given material was the average of eight separate wells, four per 

microplate.  

DCFH-DA is a fluorometric probe used to determine cellularly derived ROS and was 

analyzed using Thermo Scientific’s Fluoroskan Ascent. MTS is a colorometric probe used to 

determine cell viability and was analyzed using Molecular Devices’ SpectraMax 340PC384. The 

microplates were kept in the incubator at all times other than for analyses. During periods before 

analysis, microplates were kept in dark using foil. Plates were analyzed at 20 minutes, 40 

minutes, 1 hour, 2 hours, 3 hours and 24 hours (upper limit of MTS usability [125]). 

To ensure the pH of the slurries remained within a biologically applicable range, 

measurements were taken in separate, replicate experimental microplates. A Sensorex 

Combination pH Electrode (½ inch in diameter) attached to a Fisher Scientific Accumet Portable 

pH meter was inserted into various wells throughout the duration of experiment. Each well was 

measured once. The pH measurements are estimated to have an uncertainty of 0.1 pH units. 

Keeping the pH within a biologically applicable range ensures cellular stress and death is derived 

solely by the foreign species. 

  

3.2.3. Mineral sample preparation and soil standards 

All specific surface areas were obtained using a Quantachrome NOVA 5-point BET 

analyzer using UHP N2 gas. The silica glass beads obtained from Corpuscular had a specific 

surface area of 0.326 m2/g. The mineral anatase (TiO2) was procured in powder form from the 

Aldrich Chemical Company with a specific surface area of 9.471 m2/g. Soil standards #2709 

(San Joaquin Valley) and #2710 (Montana), acquired from NIST, had a surface area of 12.284 

m2/g and 9.976 m2/g, respectively. The only material treated after procurement was the Huanzala 

pyrite, which was ground and sieved to a size below 38 µm. A portion of the ground pyrite was 

acid treated using a 0.1 M HCl solution to remove iron (oxy)hydroxide weathering products from 
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the surface and stored under vacuum in an anaerobic glovebag. The specific surface areas of the 

untreated and acid washed pyrite were 1.887 m2/g and 1.923 m2/g, respectively. The estimated 

error in the BET measurements is 2.5%. This estimate is based on repeated analyses of a TiO2 

surface area standard provided by Quantachrome.  

 

3.3. Results 

Particle-derived ISR was determined for six materials with varying surface reactivities. 

Figure 2 illustrates the ROS production, the cell viability, and the calculated ISR for the 

exposure to glass beads. The error bars are calculated ± standard deviations based on the eight 

replicate measurements for ROS and cell viability (i.e., 4 identical conditions per microplate, two 

microplates in total), with the errors for the ISR calculated using a standard propagation method. 

Note that in the case of the glass beads the cell viability increased somewhat with loading, which 

led to a leveling off of the ISR curve as function of loading. Overall, it is clear that adding more 

glass beads resulted in an increase in ISR. 

Figure 3 shows images of two microplates in which the A549 cells were challenged with 

acid-washed pyrite. The two plates had identical loadings and layout. The color changes 

developed over time on the right side of the microplate indicate changes in cell viability, which 

was determined using the MTS protocol. The intensity of the purple color increased over time as 

cell viability increased. The lack of the purple color indicates cell death. 

The ISR and cell viability for all materials tested in this study are shown in Figure 4. In 

each panel in Figure 4, the cell viability data are shown as an inset. The ISR over time for all the 

materials tested is represented in Figure 5. In separate replicate experiments, we determined that 

the addition of the earth materials itself did not lead to a significant drop in pH within the cell 

cultures. The cell cultures challenged with the highest loadings of pyrite, expected to be the most 

reactive material in terms of changing slurry pH, did not deviate from the pH in the control by 

more than 0.3 pH units.  

Anatase and glass beads are relatively inert particulates and these materials are often used 

in toxicity studies to represent base level responses [126, 127]. These two materials, as well as 

the San Joaquin Valley soil, showed no drastic decrease in cell viability. The ISR generally 

increased with particle loading at any given time point for these three materials. Their presence 

generated up to 450% (anatase) and 350% (glass beads) the ISR compared to measurement of 
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ISR in cells without any particles added (control). The San Joaquin Valley soil generated a lower 

ISR (250% at highest loading compared to control). While all three materials are relatively inert, 

the ISR over time was different for each material. The San Joaquin Valley soil generated the 

highest ISR within the first 20 minutes, the glass after 40 minutes and the anatase after 3 hours 

(Figure 5). The ISR in the glass beads and anatase experiments showed a progression toward the 

maximum levels of quantified stress and then a decrease over time. The data for the San Joaquin 

Valley soil showed a more erratic pattern with the ISR measured after 20 minutes and 3 hours 

nearly the same, while the measurements after 40 minutes and 1, 2 hours were lower. As shown 

in Figure 4c, the error bars for several of the data sets overlap. Hence, it is not possible to extract 

definitive trends for ISR as a function of time that are representative of the whole “inert” group 

of materials tested here.  

The Montana soil, which is a soil impacted by mining activity that contains high levels of 

transition metals, caused a significant drop in cell viability over a period of 24 hours (60% 

viability) along with a significant ROS signal. As a result, the ISR caused by the Montana soil 

was by a factor of 11 above the control after 24 hours at the highest loading. The Montana soil 

showed a spike in ISR after 20 minutes, just as the San Joaquin Valley soil, followed by a drop 

in ISR. A systematic increase in ISR was then measured from 40 minutes to 24 hours after the 

start of the experiment. This suggests that there was both an acute response that led to elevated 

ISR, followed by a delayed response that led to elevated ISR. The initial cell response to the 

insult event generated a burst of ROS, possibly to try and rid the area of foreign substances. A 

slower process then took over, potentially indicative of cellular adaptation to the stress inducer, 

and generated a relatively low ISR over the next 21 hours.  

 The ISR generated by both the treated and untreated pyrite was at least a factor of 40 

higher than the peak ISR of the Montana soil and a factor of 100 higher than the peak for 

anatase. The untreated, or oxidized, pyrite generated an ISR value that was 450-fold higher than 

the cells without particles after 24 hours. The cell viability was also immediately affected by the 

presence of this pyrite. At the highest pyrite loading the cell viability is reduced to 1%. At the 

highest loading, the acid washed pyrite generated an ISR value that was 1,100-fold the control 

after 2 hours. It is important to note the variation in ISR over time of the two pyrite samples. 

After 2 hours, the ISR generated by oxidized pyrite was 20% of the level seen at 24 hours. 

Hence, the ISR in the experiment with oxidized pyrite increased over time. By contrast, the ISR 
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measured in the experiment with acid washed pyrite decreased by a factor of four between the 2 

hour and 24 hour time points for the highest particle loading. 

The data for the untreated pyrite after 24 hours contained an anomalously high reading 

for the 0.001 m2/mL loading. Labeled as an outlier on Figure 4e, this data point, which is the 

average of eight separate wells with identical conditions over two microplates, yielded extremely 

low cell viability readings. When the cell viability values of two the surrounding particle 

loadings (0.0005 m2/mL and 0.002 m2/mL) were used to estimate the cell viability for the 0.001 

m2/mL loading using a weighted average approach, the calculated ISR value was adjusted 

downward and falls on a curve that shows the expected general increase in ISR with particle 

loading (See Additional Files for more details). This particular data point underlines the 

importance of including three separate factors in the experiments. One factor is abundant 

replication, which is here made possible by using duplicate 96-well plates, leading to eight 

separate measurements for each condition. The second factor is that the 96-well plates make it 

possible to experiment with multiple loadings. The last factor is that multiple measurements are 

made over time allowing for trends to emerge that show an increase in ISR with increased 

particle loading. Any major deviation from a general increase of ISR with increased particle 

loading requires a closer examination of both the ROS upregulation and cell viability data.  

 

3.4. Discussion 

Utilizing both cell viability and cellular ROS generation assays, a protocol is created for 

determining ISR induced by earth materials. By measuring the ROS production and cell viability 

within minutes to hours for a period up to 24 hours, the method provides insight into the 

development of ISR over time. The dose-response is evaluated by varying the particle loading. 

For highly reactive particles, it is important to adjust the particle loading so that cell viability 

remains measurable, as cell viability is the denominator in the ISR term.  

All materials tested here show a general increase in ISR with increasing particle loading 

or dose; however, the development of ISR over time is different for each material. As illustrated 

by the results for the Montana soil (Figure 4d), an initial burst of ROS formation immediately 

upon addition of the particles may be followed by a separate, slower process that leads to 

upregulation of ROS. The standard for toxicity studies is for plates to be analyzed at one time 

point (commonly 3 hours or 24 hours) after particulate exposure [128-130]. If this approach was 
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used and the plates were only read at 3 hours, then the ISR for both the oxidized pyrite and acid 

washed pyrite would be underestimated by 500%. If the plates were only read at 24 hours, then 

the ISR for the acid washed pyrite would be underestimated by 330%. Due to limitation of the 

stability of the assays the experiments were terminated at 24 hours [125]. However, in the case of 

the materials that generate an increasing ISR with time, the ISR is expected to continue to 

increase. In fact, an ISR is expected to persist until complete particle dissolution. Therefore, the 

ISR measurements represented here serve as an indication of possible long-term toxicity. 

For this new protocol, experiments were conducted on six materials that offer a wide 

spectrum of responses. The glass beads and anatase showed little effect on cell viability but 

caused some upregulation of ROS. Although often used to represent baseline stress levels, 

anatase does generate a measureable amount of ROS [131, 132]. This upregulation likely 

represents the minimum cellular response to the presence of an otherwise unreactive foreign 

material. This low ISR was also observed with the San Joaquin Valley soil, which is 

characterized by NIST as a soil with baseline trace element concentrations. By comparison, the 

Montana soil is enriched in metals, including possible Fenton metals other than iron (e.g., Cu, 

Mn, see Table 1) as well as toxic metals that may affect cell viability (e.g., Pb, Zn, As, Cd, see 

Table 1). The high metal content in the Montana soil is likely the cause for the higher ISR value, 

which is due to a combination of cell death and ROS upregulation in the remaining cells. . 

Pyrite elicited by far the strongest ISR. In earlier work we showed that pyrite is capable 

of producing ROS when dispersed in water or simulated lung fluid [108]. We speculate that 

when epithelial cells are exposed to pyrite they form hydrogen peroxide as part of the normal 

immune defense response. However, the presence of ferrous iron promotes the Fenton reaction, 

which leads to the formation of hydroxyl radical. The production of hydroxyl radical within the 

cells is likely the cause for the high degree of cell death in the experiments with pyrite. The 

surviving cells are compromised and as a result of the normalization with respect to cell viability 

the ISR rises to very high levels. The difference in the development of the response to acid-

washed pyrite and oxidized pyrite is likely due to the presence/absence of ferric oxide patches on 

the surface. As shown in earlier work [133], the presence of ferric oxide patches on the surface 

of pyrite leads to the decomposition of hydrogen peroxide to water and molecular oxygen 

(Equation 4), rather than hydroxyl radical. However, over time dissolved ferrous iron does build 

up and the Fenton reaction goes forward (Equation 3). Acid washing of pyrite removes any ferric 
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oxide patches [134, 135]; hence, acid-washed pyrite is expected to very effectively promote the 

formation of hydroxyl radical in a cell that is producing hydrogen peroxide until the surface 

become partially covered with ferric oxide patches.  

From an occupational health perspective, mine workers who create fresh rock dust 

containing pyrite are likely to inhale pyrite that would stimulate a burst of hydroxyl radical 

formation. On the other hand, settlements downwind from pyrite-containing mine tailings might 

be inhaling dust with oxidized pyrite. Both exposures lead to inflammation, but the exposure to 

fresh pyrite surfaces will lead to higher levels of inflammation. Furthermore, the data for 

untreated pyrite data suggest that the ISR would continue to increase with time. Given the form 

pyrite takes in coal, complete dissolution of a single framboidal pyrite particle would occur 

within a year [67, 108]. It is unknown whether a short-lived spike in ISR is more important to 

pathogenesis than a lower more prolonged ISR. However, it must be taken into consideration that 

these experiments represent a single exposure event. In the case of a coal miner, each inhalation 

could be exposing the miner to reactive materials. The average adult takes between 12-20 breaths 

per minutes, so average the coal miner would have approximately 2,000,000 exposures in a year 

(assuming a 40 hour work week). .  

 Overall the protocol presented here can be used to characterize a wide range of earth 

materials in terms of their ability to induce an ISR in cells. Complemented by acellular assays to 

determine particle-driven ROS formation, chemical analysis, and a well-established provenance 

of the sample, the protocol presented here can provide a rapid assessment of the ability of the 

earth material to provoke upregulation of ROS, lead to cell death, and induce inflammation in the 

remaining cells. The materials tested here are only a small subset of the materials that are of 

interest from a public health or occupational health perspective.  

 

3.5. Conclusions 

The method described here is designed to test the ability of earth materials to cause cell 

death and upregulate ROS in cells. Both dose-response and temporal changes in ISR can be 

resolved by the protocol. The method provides the geosciences community an opportunity to 

contribute to the emerging field of medical geology by combining two well-established assays. 

Using the method described here along with knowledge of the provenance, composition and 
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treatment of earth materials is expected to lead to new insights into the effect of earth materials 

on public and occupational health.  
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Table 3.1. Certified NIST elemental analysis of standard reference material [136, 137]  

Element San Joaquin Valley Soil Montana Soil 

 Mass Fraction (%) 

Aluminum 7.50 ± 0.06 6.44 ± 0.08 
Calcium 1.89 ± 0.05 1.25 ± 0.03 
Iron 3.50 ± 0.11 3.38 ± 0.10 
Magnesium 1.51 ± 0.05 0.853 ± 0.042 
Phosphorus 0.062 ± 0.005 0.106 ± 0.015 
Potassium 2.03 ± 0.06 2.11 ± 0.11 
Silicon 29.66 ± 0.23 28.97 ± 0.18 
Sodium 1.16 ± 0.03 1.14 ± 0.06 
Sulfur 0.089 ± 0.002 0.240 ± 0.006 
Titanium 0.342 ± 0.024 0.283 ± 0.010 

 Mass Fraction (µg/g) 

Arsenic 17.7 ± 0.8 626 ± 38 
Cadmium 0.38 ± 0.01 21.8 ± 0.2 
Copper 34.6 ± 0.7 2950 ± 130 
Lead 18.9 ± 0.5 5532 ± 80 
Manganese 538 ± 17 22,124 ± 876 
Mercury 1.40 ± 0.08 32.6 ± 1.8 
Zinc 106 ± 3 6952 ± 91 
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Figure 3.1. Schematic of 96-well microplate for cellular study. The arrangement for all 
microplates in this study is shown. The positioning of control wells, assay distribution and 
particle loadings are highlighted. For each material tested two identical plates were evaluated at 
the same time. Hence, for a given mineral and loading, the ROS level and cell viability was 
determined in 8 replicate wells. 
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Figure 3.2. ROS upregulation, cell viability and ISR of A549 cells generated by glass beads. 
The cellular response to glass with increasing particle loading is presented with three different 
figures, all normalized to a control. (a) ROS upregulation, (b) cell viability, and (c) ISR – ROS 
upregulation divided by cell viability. For some data points, the error bars are hidden by the 
symbols. 
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Figure 3.3. Microplate evolution over time. Microplate image displays the cellular response to 
acid treated pyrite over the course of the experiment. Two identical microplates are shown. The 
layout of the microplates follows the experimental designed presented in Figure 1. The changes 
in color on the right side of the microplate is due to development of the assay and becomes 
darker as cell viability / cell numbers increase. The lack of color in the wells with the highest 
amount of pyrite indicates low cell viability. 
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Figure 3.4. ISR of A549 cells generated by six materials with varying surface reactivities. 
The ISR generated by the six study materials are represented, with the cell viability for each in 
the inset. (a) Glass, (b) anatase, (c) San Joaquin Valley soil, (d) Montana soil, (e) untreated 
pyrite, and (f) acid treated pyrite. For some data points, the error bars are hidden by the symbols.  
* See Additional Data Files for clarification 
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Figure 3.5. Evolution of ISR over time. The ISR over time generated by all the materials at the 
highest particle loading (0.002 m2/mL) are represented. For some data points, the error bars are 
hidden by the symbols.  
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4.1. Introduction 

 Colloquially referred to as black lung disease, coal workers’ pneumoconiosis (CWP) is 

one of the most prevalent occupational diseases in the world. In the last decade of the twentieth 

century CWP accounted for half of the pneumoconiosis deaths in the United States [31]. Given 

that coal miners only constitute 0.02% of the total United States workforce, they represent an 

extraordinary high susceptibility group. Continued mechanization of underground mining and a 

shift to western coal fields, which contain less pyrite than Appalachian coal, is likely to diminish 

the prevalence of the disease among coal miners in the United States. However, coal production 

is rapidly expanding worldwide to satisfy the increasing energy demand. A 49% increase in 

production is estimated to occur between 2006 to 2030 [30]. Most of this expanded production is 

in East Asia, where mechanization and safety regulations are lagging those established in the 

United States. Hence, CWP prevalence is likely to increase worldwide. 

 Due to the biopersistence of quartz and the symptomatic similarities, CWP was originally 

classified as a variant of silicosis. However, a recent epidemiological study linked the prevalence 

of this disease to the presence of the mineral component pyrite in the coal [15]. By examining the 

occurrence of CWP throughout the United States and analyzing coal samples in respective 

locations, a strong positive correlation is seen between the incidence of CWP and content of 

bioavailable iron (BAI) in coal (predominately pyrite; correlation coefficient r = 0.94) [15]. In a 

separate study, a similar strong positive correlation is seen between the occurrence of CWP and 
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the pyritic sulfur content of coal (correlation coefficient r = 0.91) [11]. Furthermore, the ability 

of coal samples with variable pyrite contents to generate reactive oxygen species (ROS) was 

examined in earlier work. It was determined that not only does the amount of hydrogen peroxide 

increase with increasing pyritic sulfur content, but so does the coal’s ability to generate hydroxyl 

radical (correlation coefficient r = 0.99) [11]. 

 Pyrite generates ROS as a result of incomplete reduction of molecular oxygen as it 

oxidizes the metal sulfide in air-saturated fluids [35, 92, 108, 133]. Most studies on the oxidative 

dissolution of pyrite have been conducted in water. However, a recent study shows that the 

oxidation of pyrite in simulated lung fluid (SLF) also generates ROS [108].  

The abiotic generation of ROS occurs in the oxidative dissolution of pyrite because 

molecular oxygen can only accept a maximum of two electrons in a single elementary electron 

transfer reaction. Spectroscopic, electrochemical, as well as theoretical studies show that the 

electron transfer to oxygen takes place at iron groups on the pyrite surface [53, 62, 138-141]. The 

electron withdrawal at the iron sites leads to the oxidation of sulfur at the surface and the 

formation of sulfur oxyanions elsewhere on the surface of this semiconducting mineral (Equation 

1). The hydrogen peroxide produced in the reaction can then react with ferrous iron derived from 

the oxidative dissolution of pyrite (Equation 2) to form hydroxyl radical through the Fenton 

reaction (Equation 3). Besides reacting with hydrogen peroxide, ferrous iron can also react 

directly with dissolved molecular oxygen and generate superoxide (Equation 4), which can 

subsequently react with another ferrous iron to generate hydrogen peroxide (Equation 5). This 

last sequence of reactions is known as the Haber-Weiss reaction mechanism. Hence, both the 

reaction of dissolved molecular oxygen with the pyrite surface as well as the Haber-Weiss 

mechanism generate hydrogen peroxide, which then leads to hydroxyl radical. However, a 

competing reaction exists between ferric iron and hydrogen peroxide that converts hydrogen 

peroxide in water to dissolved oxygen, rather than hydroxyl radical (Equation 6) [133]. Taken 

together these reactions (Equations 1-6) promote the formation and decomposition of ROS and 

allow for the cycling of ferrous and ferric iron in oxygenated aqueous systems.  

=FeS2 + O2 + H2O→ H2O2 + =FeSSO   Eqn. 1 

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2- + 4H+   Eqn. 2 

H2O2 + Fe2+
→ Fe3++ OH-+ ˙OH     Eqn. 3 

Fe2++ O2 → Fe3++ ˙O2
-     Eqn. 4 
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Fe2++ ˙O2
- + 2H+ → Fe3++ H2O2    Eqn. 5 

3H2O2 + 2Fe3+
→ 2Fe2++ 2H2O + 2O2 + 2H+   Eqn. 6 

Besides pyrite-driven ROS formation, in human tissues ROS concentrations will increase 

as a normal cellular response to exposure to particulate matter, bacteria, and other foreign 

substances [111, 112]. While alveolar macrophage cells specialize in protecting the body in the 

case of an inhalation exposure [142], epithelial cells also upregulate ROS (predominately 

hydrogen peroxide) when challenged [111]. The degree of hydrogen peroxide upregulation is an 

indicator of cellular stress and can be quantified using the 2’,7’-dichlorofluoroscein-diacetate 

(DCFH-DA) assay. Upon addition to the slurry, DCFH-DA is taken into a healthy cell and 

converted to DCFH. Once stressed, the cell generates ROS – hydrogen peroxide and hydroxyl 

radical – and DCFH is hydrolyzed to become fluorescent DCF [119].  

Another measure of particle toxicity is the ensuing cellular death. There are a number of 

different assays that measure cell death or viability. For this study the cell viability assay 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) is 

utilized. It works by quantifying the production of phenazine methosulfate (PMS), which 

generates formazan in the presence of tetrazolium. The concentration of formazan product in the 

system is directly proportional to the number of living cells. Since any living cell generates PMS 

regardless of its health status, high values in the MTS assay are only an indicator of immediate 

cell viability and does not predict future apoptosis.  

Since the majority of lung illnesses originate in the epithelial cells lining the lungs [117, 

118], the A549 human lung epithelial cell line is utilized here. This cell line, which is frequently 

used in toxicity studies [113-115], was first cultured in 1972 from the cancerous lung tissue of a 

58 year old man. These adenocarcinomic human alveolar basal epithelial cells are easily cultured 

and proliferate quickly [116].  

A previously published protocol describes a new procedure for cellular toxicity 

determination by utilizing the aforementioned assays in combination utilizing the A549 cell line 

[143]. Defined as the formation of ROS within the A549 epithelial cell normalized to cell 

viability measurements, the inflammatory stress response (ISR) allows for a meaningful 

comparison of ROS generation in different biological replicates of the cell culture experiments 

and accounts for the presence of cell death as a result of the exposure.  By measuring the 



48 
 

upregulation of ROS and the viability of the cells we gain insight into the immediate toxicity of 

the treatment on the cells as well as the state of the remaining viable cells.  

 The objective of this paper is to evaluate the hypothesis that the inhalation of coal 

containing pyrite leads to inflammation in the human lungs. This hypothesis builds on earlier 

work that shows that pyrite, by itself, can generate ROS in water and SLF [108, 133] as well as 

upregulate ROS formation in epithelial cells [143]. ROS upregulation in cells results in cellular 

oxidative stress [83, 86, 89]. Ultimately, chronic cellular stress can lead to tissue damage and 

disease, such as CWP [144]. In this study, the upregulation of ROS and viability of epithelial 

lung cells are determined after exposure to several coal reference materials with known amounts 

of pyrite.  

 

4.2. Materials and Methods 

4.2.1. Mineral sample preparation and soil standards 

Five coal reference standards were obtained from The National Institute of Standards and 

Technology (NIST). The coal reference standards (NIST #1635, 2682b, 2692b, 2684b and 

2685b) contain different amounts of pyrite (expressed as pyritic sulfur mass fractions), see Table 

1. The specific surface area for each of the coal reference standards was determined using a 

Quantachrome NOVA 5-point BET analyzer using UHP N2 gas. The results are summarized in 

Table 1.  

 

4.2.2. Culturing and Plating the A549 Human Lung Epithelial Cell Line 

The A549 human lung epithelial cell line was cultured and plated using a previously 

published procedure [143]. Briefly, cells were plated in Ham’s F12K Media containing 10% 

Fetal Bovine Serum (FBS) and 1% 1X Penicillin/Streptomycin (cell growth media). Once 

confluence was reached, the cells were passaged at 1 x 105 cells/mL using trypsin with EDTA to 

detach the cells. The cells were then counted using the Trypan blue stain on a hemocytometer. 

Wells in columns 3 through 10 of the 96-well microplates were loaded with 8 x 104 cells/mL, 

covered with a microplate lid, and allowed to incubate at 37˚C in culturing media for 

approximately two days until confluent. Due to background signal generated by the assays, 

columns 1 and 2 as well as 11 and12 were kept cell free for normalization. All work with cells 

took place in a sterile hood to avoid airborne bacteria that would affect the results. When not in 
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the hood, the microplate lid was kept on at all times. Temperature, relative humidity and carbon 

dioxide (CO2) concentration in air were kept constant (37˚C, 95% and 5% CO2 in air, 

respectively) in the incubator.  

 

4.2.3. Inflammatory stress response measurements 

Cellular confluence was achieved after incubation in 96-well microplates for two days. 

The cell growth medium was discarded and a previously published protocol for determining ISR 

was employed [143]. In brief, after all liquid contents were allowed to drain out (cells remain 

attached), columns 1 through 6 were filled with 200 µL of 50 µM DCFH-DA (from Sigma 

Aldrich) in Hank’s Buffered Salt Solution (HBSS) and columns 7 through 12 were filled with 

200 µL HBSS, and then placed in the incubator. During incubation, four serial dilutions of the 

contaminant slurries were made. All final dilutions were normalized to surface area. The stock 

solution contained 0.002 m2 contaminant/mL HBSS. After incubating for 20 minutes, all liquid 

contents of the microplate were again discarded. 200 µL of the contaminant slurry was added to 

the plates as shown in Figure 1. Rows A and H were kept free of contaminants due to edge 

effects [124]. Row B was kept free of particles for normalization (control). After slurry addition, 

20 µL of MTS (from Promega) was added to all wells in columns 7 through 12. The plate was 

then placed in the incubator for 30 minutes before the first analysis. Since each 96-well 

microplate contained assays for both cellular generated ROS and cell viability, duplicating the 

plates allowed for 8 replicates for each loading. 

DCFH-DA is a fluorometric probe used to determine cellularly derived ROS and was 

analyzed using Thermo Scientific’s Fluoroskan Ascent. MTS is a colorometric probe used to 

determine cell viability and was analyzed using Molecular Devices’ SpectraMax 340PC384. The 

microplates were kept in the incubator at all times other than for analyses. During periods before 

analysis and transport, microplates were kept in the dark using foil. Plates were analyzed at 30 

minutes, 1 hour, 2 hours, 4 hours, 8 hours and 25 hours. 

 

4.3. Results 

The design of the experiment allowed for six particle loadings (including a control) to be 

evaluated. In addition, by taking measurements at fixed times for up to 24 hours we are able to 

record temporal changes in cell viability, ROS production, and, hence, ISR. In a separate study 
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we applied this protocol to a number of minerals and standard soils [143]. Those earlier results 

are useful in placing the cellular response to coal in context. 

 Coal reference material number 1635, which contains no pyrite, generated a relatively 

linear increase in ISR with particle loading. The peak ISR occurred with the highest particle 

loading and at the 30 minute time point. This ISR maximum is more than threefold greater than 

the control. A common temporal trend is exhibited with an initial ISR followed by a drop and 

then a steady ISR increase [143]. Coal reference material numbers 2682b and 2692b generated 

the lowest ISR (175 and 251 % of the control, respectively). However, the temporal trends in 

ISR are different. While coal reference material number 2682b increased steadily with time, 

number 2692b reacts similar to coal reference number 1635 by first generating a higher ISR 

followed by a dip and a gradual and steady increase. Of the three coal reference materials, 

number 1635 is the only one that caused significant cell death (59 % of the viable cells compared 

to a control at 30 minutes), which subsided with time, although it is responsible for the high ISR. 

While initially the ISR for coal reference material number 1635 is driven by low cell viability, 

eventually it is driven by ROS upregulation.    

 Coal reference material numbers 2684b and 2685b, containing the highest pyritic sulfur 

contents, generated the greatest ISR (798 and 1426 % of the control). Although number 2685b 

generated an ISR nearly a factor of two greater than 2684b, the temporal trends of these 

reference coals are similar. Generating similar ROS upregulation, the disparity in ISR is derived 

by the greater amount of cell death in the sample containing the most pyritic sulfur (67 versus 43 

% of the viable cells when compared to a control at 24 hours) 

 

4.4. Discussion 

 The 4.6 fold ISR difference between the coal containing no pyrite and coal containing the 

highest concentration of pyrite supports the hypothesis that the reactivity of pyrite in the coal 

plays an important role in the pathogenesis of CWP. The much lower ISR for reference material 

number 1635 is somewhat lower than the stress generated by glass beads and anatase, which are 

considered relatively inert materials  [143]. Therefore, exposure to coal without pyrite generates 

the same level of response as exposure to inert particulate matter. This is consistent with the fact 

that there is a low prevalence of CWP among miners who are exposed to coal without pyrite 

[15].  



51 
 

Coal reference material number 2684b, containing the second highest concentration of 

pyrite, generated 2.6 fold the ISR of the sample 1635. Coal reference material number 2685b 

generated nearly twice the ISR as coal reference material number 2684d. It is important to note 

we have normalized to total surface area and not the surface area of the pyrite within the standard 

reference material. Therefore, one would not necessarily expect a linear increase in ISR with 

increase pyritic sulfur contents. The amount of “available” iron, or total iron released in 1.5 mg/L 

RNA solution over a 7 hour period, would also contribute to Fenton chemistry [11]. The high 

available iron content of reference material number 2684b (a factor of 17.3 greater than of 

number 2692b and 62% of number 2685b) likely plays a role in the increased ISR, which may be 

an indication of the accessibility and reactivity of the pyrite within the coal.   

 

4.5. Conclusion 

CWP is a protracted disease caused by chronic inflammation in the lungs induced by 

inhaled coal particles. This study builds upon and extends earlier acellular [108] [11] and 

epidemiological work [15] citing pyrite as the major contributing factor in CWP pathogenesis. 

Specifically, our data shows that epithelial cells challenged with coal containing modest amounts 

of pyrite (0.52 and 1.15 wt. %) undergo cell death, and the remaining surviving cells show an 

upregulation of ROS allowing for a dramatically high ISR (798 % and 1426 % compared to a 

control, respectively). These findings support the notion that pyrite is a key determinant the 

pathogenesis of CWP.  

 
 
  



52 
 

Table 4.1. Certified NIST elemental analysis of standard reference material 

 
Standard Reference Material Numbera 

1635 2682b 2692b 2684b 2685b 

Origin Erie, CO Gillette, WY Holden, WV Marion, IL Captina, WV 
Coal Type Subbituminous Subbituminous Bituminous Bituminous Bituminous 

Surface Area (m2/g)b 1.79 4.94 1.35 2.11 1.72 
Pyritic Sulfur (mass fraction)c 0.00 0.01 0.49 0.52 1.15 

Iron Release (µM)d 0.00 0.02 0.48 8.31 13.3 

Elemental Analysise Mass Fraction (wt. %) 

Iron 0.239 ± 0.005 0.24 --- 1.5 3.9 
Sulfur 0.3616 ± 0.0017 0.4917 ± 0.0079 1.170 3.076 ± 0.031 4.730 ± 0.068 

 Mass Fraction (µg/g) 

Arsenic 0.42 ± 0.15 1.0 --- 3.9 12 
Chromium 2.5 ± 0.3 15 --- 17 22 
Manganese 21.4 ± 1.5 26 --- 36 41 

Mercury 0.0109 ± 0.0010 0.1088 ± 0.0029 0.1333 ± 0.0041 97.4 ± 4.7 146.2 ± 10.6 
Zinc 4.7 ± 0.5 8.6 --- 110 17 

a National Institute of Standards and Technology sample numbers 
b BET surface area values are for coals as received and used in experiments, not desiccated 
c dry basis 
d 0.125 m2/L coal loadings, total iron [i.e. Fe(II) and Fe(III)] after 7 hours in 1.5 mg/L RNA solution [11] 
e National Institute of Standards and Technology - Certified Analysis [145-149] 
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Figure 4.1. Schematic of 96-well microplate for cellular study. The arrangement for all 
microplates in this study is shown. The positioning of control wells, assay distribution and 
particle loadings are highlighted. For each material tested two identical plates were evaluated at 
the same time. Hence, for a given mineral and loading, the ROS level and cell viability was 
determined in 8 replicate wells. 
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Figure 4.2. ROS upregulation, cell viability and ISR of A549 cells generated by unreactive 
coal samples. The cellular response to the three coal samples with increasing particle loading are 
presented, all normalized to a control. The samples, NIST 1635, 2682b and 2692b have the 
lowest pyritic sulfur contents. 
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Figure 4.3. ROS upregulation, cell viability and ISR of A549 cells generated by reactive 
coal samples. The cellular response to the two coal samples with increasing particle loading are 
presented, all normalized to a control. The samples, NIST 2684b and 2685b have the highest 
pyritic sulfur contents. 

 

  



56 
 

 

Figure 4.4. Evolution of ISR over time generated by NIST coal samples. The ISR generated 
over time by all the coal samples at the highest particle loading (0.002 m2/mL) are represented. 
For some data points, the error bars are hidden by the symbols. 
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5.1. Introduction 

From flint in the Neolithic period, gold and silver in the Iron Age, lead during Antiquity, 

to Rare Earth minerals in the present, mining of mineral resources has enabled important 

technological advances, fostered trade, as well as provided the raw materials for the creation of 

art and artifacts. Presently, mining of metals and mineral ores is a multibillion dollar industry, 

with metals and aggregates/industrial minerals generating a $230 billion annual profit [150]. 

While a crucial pillar of our society, mining of mineral resources has significant environmental 

and health issues associated with it. Exposure to mine dust has long been recognized as an 

occupational health hazard. Historically, exposure to quartz, asbestos particles and coal dust has 

received considerable attention given the prevalence of silicosis, asbestosis and coal workers’ 

pneumoconiosis worldwide. However, far less is known about the inhalation risks associated 

with other earth materials that are mined and processed. While there have been some studies 

about the role of Fenton chemistry in the development or enhancement of disease [151], there is 

much to be explored. The purpose of this study is to investigate the toxicity of common metal-

sulfide minerals (copper-sulfides, copper-iron-sulfides, arsenic-iron-sulfide, lead-sulfide, and 

zinc-sulfides) that are mined or present in ore deposits as gangue minerals. Each of the materials 

evaluated is briefly described below.  
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5.1.1. Selected Metal-sulfides  

Sphalerite (ZnS) is the main zinc ore mineral and commonly contains 26 mole % iron in 

its crystal structure (Zn1-xFexS) [152, 153], with reports of up to 56 mole % [154, 155]. Often 

associated with sphalerite, galena (PbS) is the main lead ore mineral. The cations for both ores 

are present in the divalent oxidation state. While arsenic is no longer mined, its main ore mineral, 

arsenopyrite (FeAsS), is often found in gold ores. As a result, a considerable amount of 

arsenopyrite is processed in the mining of gold. The oxidation state of iron in arsenopyrite is 

predominantly divalent (i.e., Fe2+(AsS)-2) with a minor contribution of trivalent iron (i.e, 

Fe3+(AsS)3-). Although the presence of either an arsenic and sulfur dianionic or trianionic group 

in the crystal structure is debated, when dispersed in solution, arsenopyrite releases ferrous iron 

[156]. This suggests that iron in the arsenopyrite crystal structure is mostly in the divalent 

oxidation state. The oxidation states of copper and iron in chalcopyrite (CuFeS2), the primary 

copper ore mineral, has been extensively studied. Most studies indicate that the copper present is 

monovalent, although in oxidized surface layers divalent copper may be prevalent. To balance 

charge, trivalent iron is formally present in chalcopyrite, but charge transfer between iron and 

sulfur gives iron a strong divalent character [157, 158]. Furthermore, as with arsenopyrite, 

chalcopyrite releases ferrous iron into solution, which is important in the context of this study as 

the release of ferrous iron will allow the Fenton reaction to go forward: 

H2O2 + Fe2+(aq) � OH- + ˙OH + Fe3+(aq)  (1) 

Pyrite (FeS2), as the most common sulfide mineral on Earth (and a potent reactive oxygen 

species generator [11, 92, 133]), is often associated in varying abundances with all the ores 

described above.  

 Chalcocite (Cu2S) and bornite (Cu5FeS4) are also important copper ores and are common 

weathering products of chalcopyrite. While copper in chalcocite is monovalent, it is possible that 

bornite contains a small amount of divalent copper as well. Iron in bornite has a formal trivalent 

oxidation state [157]. 

 

5.1.2. Particle Toxicity 

The toxicity of particles can be derived by particle overload or from the reactivity of the 

material [41, 42, 83]. When particle overload occurs, the alveolar macrophage (AM)-mediated 
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clearance is impaired, which leads to an accumulation of particles within the lungs. An excessive 

particle burden can cause an array of pulmonary issues, ranging from chronic inflammation and 

fibrosis, to the development of tumors [42]. Once inhaled, a mineral particle might undergo 

surface-mediated reactions, including dissolution reactions [83, 92, 108, 159]. The reactivity of 

an inhaled particle is a function of its stability in the lung environment, its solubility, and 

modifications of its surface, such as the presence of defects or surface coatings [83, 92, 159]. The 

incomplete reduction of oxygen on the surface of the particles or by metals released from the 

particles will generate reactive oxygen species (ROS) [92]. Furthermore, although tightly 

regulated, cells also generate ROS when under stress, possibly contributing to the oxidative 

stress [27, 160, 161]. Apart from oxidative damage, reactive materials also impair AM-mediated 

clearance at a lower lung burden, thus adding to the inflammation. The concomitant disruption of 

efferocytosis (clearance of apoptotic cells via phagocytosis) creates a delayed “secondary” 

necrosis [42, 162, 163]. Unlike apoptosis (programmed cell death), which controls potentially 

damaging inflammation by not releasing the contents of the cell into the surrounding 

environment, necrotic cell death adds to the burden on the body and can have a negative 

cascading effect [162, 164]. Therefore, while exposure to reactive foreign material alone can also 

generate necrotic cell death [143], inhibition or reduced efficiency in efferocytosis exacerbates 

the problem. 

A number of toxicity markers can be utilized to evaluate the effect of particle exposure 

on lung cells [160, 165-167]. The approach developed by Harrington et al. (2012) takes into 

account the possible complexity of immune responses to foreign materials in the body by 

capturing the immediate and short-term inflammatory stress response (ISR) generated by 

exposure to a contaminant [143]. The ISR is the normalization of the cellular upregulation of 

ROS with respect to the cell viability. It not only allows for overall stress levels to be evaluated 

but each component as well. Due to the relatively short time course of the exposure, the cell 

viability is a measure of necrotic cell death. Whereas the amount of cellular ROS upregulation is 

not only a marker of immediate cellular stress, but also may indicate future apoptotic cell death 

[168, 169].  

By focusing on the ISR, a better understanding of the inflammatory nature of a material 

can be established, although the specific biological pathways interrupted by the material cannot 

be resolved without additional studies. In this study, the protocol developed by Harrington and 
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coworkers is used to compare the ISR for eight common metal-sulfide ore minerals. The results 

allow for direct comparison between materials, which is the basis for an evaluation whether 

structure and chemistry of (earth) materials are important determining factors in toxicity.  

The cell culture work in this study is complemented by an assessment of the generation 

of ˙OH and H2O2 by the metal-sulfides when dispersed in water in the absence of an epithelial 

lung cell line. This acellular test provides insight in purely mineral-driven ROS formation, which 

can be useful in the interpretation of ISR data. It is hypothesized, that the ability of metal-sulfide 

minerals to generate ROS when dispersed in water will contribute to elevated ISR. Furthermore, 

we expect that minerals containing ferrous iron, and to a lesser extent monovalent copper, will 

produce more ROS when dispersed in water as a result of their ability to promote the Fenton 

reaction (eq. 1). It should be pointed out, however, that materials that do not form ROS when 

dispersed in water, e.g. glass beads, will elicit a modest cellular upregulation of ROS within 

epithelial cells [143]. This is the result of the immune response of epithelial cells to any foreign 

substance. Metals released from the mineral particles may also lead to interference of 

biochemical processes in the cell and contribute to a loss of cell viability [18], which would lead 

to higher ISR values independent of the ability of the mineral to generate ROS when dispersed in 

water.  

 

5.2. Materials and Methods 

5.2.1. Mineral sample preparation 

Eight natural metal-sulfide ore minerals, obtained from Wards (Rochester, NY), were 

investigated. The samples include three zinc sulfides with variable iron contents, one copper 

sulfide, two copper iron sulfides, a lead sulfide, and an iron arsenic sulfide (Table 1). All samples 

were ground and sieved to obtain a suitable respirable fraction. The materials were characterized 

using a suite of complementary techniques.  

The mineralogical composition of samples was determined by X-Ray Diffractometry 

(XRD) using a Scintag PAD X diffractometer under the following conditions: CuKα1, 40kV, 25 

mA, 5° – 75° 2Θ, step 0.02° 2Θ and counting times of 5-10 seconds per step. The mineralogy of 

the materials used in this study is summarized in Table 1. Trace metal composition of the 

materials was determined using X-ray Fluorescence (XRF). An aliquot of the ground material 

was pressed into an 18mm tablet with high-purity cellulose as binder. The XRF analysis was 
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conducted on a Brüker Pioneer wavelength-dispersive XRF spectrometer in standardless mode, 

which means that the XRF intensities were converted to concentrations on the basis of a physical 

X-ray absorption model provided with the instrument. The XRF results are summarized in Table 

2 along with nominal major element concentrations based on ideal mineral compositions. It is 

important to note that the pressed tablet method is not suitable for major element determination, 

hence the inclusion of nominal major element concentrations in this table. 

Specific surface area was determined for each material, because the exposure 

experiments are normalized with respect to surface area. Specific surface area (m2/g) of each 

sample after grinding was determined using gas adsorption measurements. The measurements 

were conducted on a Quantachrome NOVA 2200e BET instrument, employing a 5-point BET 

isotherm (r2 = 0.999), with Ultra-High Purity N2 as adsorbate. The specific surface area of all 

metal-sulfides evaluated in this study are summarize in Table 1.  

 

5.2.2. Acellular Hydroxyl radical and Hydrogen Peroxide Formation 

The formation of ˙OH and H2O2 was determined using the protocol developed by Cohn et 

al. (2009) [57]. The protocol is based on the conversion of non-fluorescent 3 '-(p-Aminophenyl) 

fluorescein (APF) to fluorescein, which is strongly fluorescent. The APF probe reacts with ˙OH 

but not with H2O2; however, with the addition of horseradish peroxidase (HRP), H2O2 becomes 

reactive and can be quantified using APF. Hence, by conducting two complementary 

experiments, one without HRP and one with HRP, both ˙OH and ˙OH + H2O2 formation can be 

determined. It is important to note that the APF probe records the cumulative formation of either 

˙OH (without HRP) or ˙OH + H2O2 (with HRP) over the duration of the experiment. Hence, the 

APF protocol does not provide an analysis of the concentration of these ROS at any given time 

during the experiment. Furthermore, fluorescein formed in the experiment will be (partially) 

degraded if the production of either ˙OH or H2O2 exceeds the available amount of APF in the 

experiment. Therefore, insufficient amounts of APF probe in the experiment will lead to an 

underestimation of the amount of ˙OH or ˙OH + H2O2 formed.  

 Two sets of experiments with APF were conducted. In a first set, an appropriate amount 

of each of the sulfides were weighed into 3 mL polyethylene snap-top tubes to provide a surface 

loading of about 10 m2/L. Water kept in an amber plastic bottle for at least 30 days to minimize 

background H2O2 levels was added to the minerals by micropipette (2964 µL in experiments 
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without HRP or 2844 µL in experiments with HRP). Subsequently, 30 µL of phosphate buffer 

was added, followed by 6 µL of APF. In the experiments with HRP, 120 µL of HRP was added 

as a final reagent. The tubes were capped, placed on a vortex mixer for 15 second to mix the 

reagents, and then transferred to a Labquake orbital shaker, which continuously mixed the 

mineral slurries by rotating end-over-end. The entire orbital shaker was kept in the dark to 

prevent photochemical degradation of the APF probe or fluorescein. After 26 hours of mixing, 

the tubes were removed from the orbital shaker, filtered over Teflon micro-membrane filters with 

a pore size of 0.22 µm, and the fluorescence was measured on a Turner Design instrument, 

equipped with 490 (excitation) and 520 (emission) filters. A calibration curve made by diluting a 

1 mM H2O2 stock solution and reacting it with APF and HRP [57]. The fluorescence values 

recorded for the mineral slurries was converted to H2O2 equivalents and expressed as nM/m2.  

 Three minerals, chalcopyrite, galena, and arsenopyrite were studied further by conducting 

a series of shorter duration experiments to determine the evolution of ˙OH + H2O2 over time. In 

these experiments, the volume of APF probe molecule added was increased to 12 µL and the 

amount of water added was lowered by 6 µL. The volumes of buffer and HRP remained the 

same. The same volume adjustments were made for the experiments to determine the calibration 

curve. The additional volume of APF was needed to prevent the probe molecule from becoming 

exhausted as a result of high amounts of ˙OH + H2O2 formed in some experiments. Details on the 

preparation of the various stock solutions are provided in previous work [57].  

 

5.2.3. Culturing and Plating the A549 Human Lung Epithelial Cell Line 

A previously published protocol was utilized for the culture of the A549 human lung 

epithelial cell line [143]. The cell were maintained in 10% Fetal Bovine Serum (FBS) and 1% 

1X Penicillin/Streptomycin in Ham’s F12K Media. Cell work was performed in a sterile hood. 

The cells were kept in an incubator at standard conditions (37˚C, 95% and 5% CO2 in air, 

respectively). For passage and counting purposes, once confluent, the cells were detached using 

trypsin with ethylenediaminetetraactic acid (EDTA). Trypan blue was the staining agent used in 

conjunction with a hemocytometer for cell quantification. Cells were loaded into 96-well 

microplates at 8 x 104 cells/mL. However, columns 1, 2, 11, and 12 were kept cell free for 

normalization purposes. When not in the hood, a lid was kept on the microplate.  
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5.2.4. Inflammatory Stress Response Measurements  

To determine the ISR generated in the A549 cells by mineral samples a protocol 

developed by Harrington et al. was used [143]. In brief, 2’,7’-dichlorofluoroscein-diacetate 

(DCFH-DA) assay from Sigma Aldrich and 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) from Promega were utilized 

concomitantly for cellular ROS upregulation and viability quantification, respectively. All 

mineral slurries were normalized to surface area with the stock solution containing 0.002 m2 

mineral contaminant /mL Hank’s Buffered Salt Solution (HBSS). Each experiment was 

replicated by using two identically prepared 96-well plates; therefore for each mineral 

contaminant there were eight wells for each particle loading allowing for a robust data set. 

Particle loadings were elevated to highlight differences in reactivity and do not necessarily 

represent typical exposure concentrations. Given ambient air and occupational health standards, 

the lower loadings utilized in the study (i.e. 0.00025 m2/mL) better represent actual exposure 

concentrations [170, 171]. 

The first analysis occurred after a 30 minute exposure, followed by 1 hour, 2 hours, 4 

hours, 8 hours and 24 hours. ROS upregulation measurements were made using Thermo 

Scientific’s Fluoroskan Ascent and cell viability measurements were made on a Molecular 

Devices’ SpectraMax 340PC384, since DCFH-DA is a fluorometric assay, while MTS is a 

colorimetric probe. The microplates were covered with foil during transport to minimize 

exposure to light.  

 

5.3. Results 

The metal-sulfides studied here show a wide range of results in terms of both acellular 

ROS formation and ISR. The results of the acellular and cellular work are presented in two 

separate sections for clarity.  

 

5.3.1. Acellular ROS formation 

 Of the metal-sulfides tested here, chalcopyrite, galena, and arsenopyrite show significant 

amounts of ˙OH + H2O2 formation when dispersed in water compared to all other sulfides 

studied (Table 3). A subsequent set of experiments aimed at determining the ˙OH + H2O2 

production within shorter time frames showed that the recorded value for the 26-hour production 
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of ˙OH + H2O2 in the chalcopyrite slurry is an underestimate because the ˙OH + H2O2 production 

exceeded the amount of APF probe available for reaction. Of the sulfides studied, chalcopyrite 

also produces the highest amounts of ˙OH. Two of the sphalerite samples did not produce a high 

enough fluorescence signal to quantify the amount of ˙OH formed. The sphalerite from China 

was also below the detection limit for ˙OH + H2O2. The sphalerite sample from the United States 

recorded very low values for both ˙OH and ˙OH + H2O2 despite its high iron content.  

 The results of a second set of experiments with chalcopyrite, galena, and arsenopyrite in 

which the amount of APF was increased and the reaction time shortened are presented in Figure 

1. The results with chalcopyrite showed that the production of ˙OH + H2O2 started immediately 

and led to the generation of µM levels of ˙OH + H2O2 within an hour. By contrast, the buildup of 

˙OH + H2O2 was slower in galena and arsenopyrite slurries and the levels attained were well 

below those attained in chalcopyrite slurries. These data indicate that chalcopyrite, when 

dispersed in water, will trigger a burst of H2O2, a part of which will convert to ˙OH.  

 

5.3.2. Cellular Response 

The ISR and cell viability data of all eight natural metal-sulfide ore minerals are 

presented in Figure 2. The three different sphalerite samples had little or no effect on cell 

viability and low levels of ROS upregulation, resulting in low ISR values. In fact, their response 

was comparable to glass beads and anatase, which are considered relatively inert or unreactive 

(Table 4). By contrast, the copper sulfide minerals bornite, chalcopyrite, and to a lesser extent 

chalcocite showed a significant loss in cell viability combined with ROS upregulation in the 

remaining viable cells, leading to high ISR values. Galena also showed a significant loss of cell 

viability, but the ISR values were comparable to those of chalcocite. Arsenopyrite generated a 

modest loss of viability combined with little ROS upregulation, as a result the ISR values were 

comparable with materials that are considered inert or unreactive, such as glass beads and 

anatase. The experimental design allows for not only a range of particle loadings to be evaluated 

but, by taking reading between 30 minutes after exposure to 24 hours, it is possible to evaluate 

the changes in ISR over time. These temporal variations as well as more details for each type of 

metal-sulfide are presented below. To place the results obtained in this study into context, the 

results were compared to standard reference materials as well as relatively inert material and 

pyrite that have been evaluated using the same protocol [143], see Table 4. Below, the results for 
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each of the materials tested are described.  Unless otherwise stated, the ISR values mentioned 

below refer to those associated with experiments at the highest particle loading (0.002 m2/mL).  

 

5.3.2.1. Zinc Sulfides 

The three sphalerite samples contain different amounts of iron (Spain-Picos de Europa, 

0.154 wt. %; China-Yu Chen, 0.189 wt. %; and USA-Balmat, 6.603 wt. %) and represent a 

compositional variation that is well within the range of iron content recorded for natural 

sphalerite. Overall, as mentioned above, these three sphalerite samples do not elicit a strong 

inflammatory response, nor do they elicit a significant sustained loss of cell viability. However, 

they do show a difference in how they respond through time (Figure 3). The maximum ISR 

occurred at 1 hour for the Yu Chen sample, compared to 4 hours for the Picos de Europa sample, 

and 24 hours for the Balmat sample. Of the three sphalerite samples, the sample from Picos de 

Europa generated the greatest ISR of the sphalerite samples at 362 % of the control. Given that 

the cell viability does not drop below 85%, the ISR is mostly a result of the upregulation of ROS 

within the cells. However, the upregulation is modest compared to the copper sulfides and on par 

with that seen for glass beads.  

 

5.3.2.2. Copper Sulfides 

Chalcocite, the only iron-free copper sulfide investigated, generated the lowest ISR of the 

group at 3,408 % of the control. This high stress response was caused by both a drop in cell 

viability (39 % of the control at 24 hours) and a high ROS upregulation. Chalcopyrite, the most 

reactive mineral of the copper sulfides and all metal-sulfides tested here, generated an ISR of 

86,024 % of the control at the 2 hour time point. However, by 24 hours the ISR decreased to 

27,370 % of the control (Figure 3). While there was significant ROS upregulation, these ISR 

values are driven to extremes given the low cell viabilities (1.7 % of the control at 2 hours and 

3.3 % at 24 hours). Bornite, generating an ISR value of 40,918 % of the control at the 8 hour 

time point, also resulted in extremely low viability (2.8 % of the control). Since exceedingly low 

cell viabilities at the highest particle loadings distort the ISR values, it is more meaningful to 

focus on the response at lower loadings. All copper sulfides cause high ISRs under moderate 

(0.001 m2/mL) particle loadings (Figure 4). The inflammatory stress generated by chalcocite and 

bornite increased with time, generating ISR values of 1,079 and 1,727 % of the control, 
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respectively; while the toxicity of chalcopyrite decreased with time (3,168 % of the control at 30 

minutes and 888 % of the control after 24 hours).  

 

5.3.2.3. Lead Sulfide 

Galena generated a maximum ISR after 30 minutes of exposure (3,194 % of the control 

for highest loading). This ISR was caused by the immediate and dramatic drop in cell viability 

(down to 3.5 % of the control), while the ROS upregulation remained essentially unaffected (110 

% of the control). After this initial high ISR value, a steady decrease in ISR was observed over 

the first 8 hours period as a result of recovery of cell viability (27 % of the control at 8 hours). 

However, at 24 hours the ISR increased slightly (405 % of the control) with the decrease in cell 

viability (20 % of the control). Given the low viability of the cells at the 30 minutes time point at 

the highest particle loading, the moderate particle loading was also examined. With a cell 

viability of 73 % of the control and an ROS upregulation of 115 % of the control, the ISR was 

only at 157 % of the control. However, the viability decreased to 44 % of the control at 24 hours.  

 

5.3.2.4. Iron Arsenic Sulfide  

The arsenopyrite tested here elicited only a modest inflammatory response. The response 

was more pronounced than that for the three sphalerite samples but comparable with a NIST San 

Joaquin Valley soil with baseline trace metal contents (Table 4). The highest ISR generated by 

the arsenopyrite was 476 % of the control at 24 hours. The ISR did not increase steadily with 

time. The ROS upregulation and cell viability consistently decreased with increasing exposure 

time. The viability ranged from 102 % of the control at 30 minutes and 37 % of the control at 24 

hours. Under moderate particle loading, the ISR generated by arsenopyrite was slightly higher 

than that generated by galena, although the cell viability was nearly twice as high (73 % of the 

control) at 24 hours.  

 

5.4. Discussion 

The metal-sulfide ore minerals investigated in this study generated a wide range of ISR 

values and only chalcopyrite produced both substantial amounts of H2O2 and ˙OH when 

dispersed in water. Since the ISR is derived by normalizing the cellular upregulation of ROS by 

the cell viability, it can be elevated by not only high ROS upregulation but also low viability. 
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While this study focuses on evaluating ISR generated by the exposure to common ore minerals, 

the origin of the stress is important because it can point to different mechanisms by which 

exposure to these types of materials may affect human health. Furthermore, understanding the 

type of cell death generated can make a difference in treatment [164].  

The copper sulfides elicit by far the most pronounced cellular response. The recorded ISR 

values are predominately driven by necrotic cell death. In fact, the loss of cell viability generated 

by bornite and chalcopyrite is so immediate and resounding at the highest particle loading (0.002 

m2/mL) that the cells are not able to recover at all during the 24 hour period (Figure 2). In fact 

the ISR values for chalcopyrite are higher than those seen in experiments with pyrite that was not 

acid washed (Table 4) [143]. When experiments with moderate particle loadings (0.001 m2/mL) 

of chalcopyrite or bornite are considered, the viability among cells exposed to chalcopyrite 

actually increases with time (from 17% to 78% confluence), while the viability of cells exposed 

to bornite stays relatively stable (75±7%). In other words, at the 0.001 m2/mL loading level, 

exposure to chalcopyrite leads to a significant immediate loss of cell viability followed by a 

rebound, while such an effect is not seen in the experiments with bornite.  

It is possible that the difference in cell viability is related to the spontaneous generation 

of ROS by chalcopyrite when dispersed in water (Figure 1). Unlike chalcopyrite, bornite shows 

little or no ROS generation when dispersed in water (Table 3). Although low cellular viabilities, 

particularly at the highest concentration, drive up the ISR values, the chalcopyrite and bornite 

particles also generate a strong upregulation of ROS within the cells. This indicates that the 

remaining cells are likely in the early stages of apoptosis. At a loading of 0.001 m2/mL, the ISR 

values for bornite in the first 4 hours are similar to those determined for chalcocite, galena, and 

arsenopyrite (Figure 4). After 8 to 24 hours, there is no longer a significant difference in ISR 

values between bornite and chalcopyrite (Figure 3 and 4), suggesting that the toxicity of bornite 

is related to a slower process than ROS generation upon dispersion in water. One possibility is 

that it takes a few hours for copper and iron released from the bornite surface to build up to 

concentration levels that start to impair biological functions in the cells. In fact, after 24 hours 

the ISR of bornite was higher at a loading of 0.001 m2/mL than that of chalcopyrite, and the ISR 

of chalcocite was comparable with that of chalcopyrite (demonstrated a similar trend to bornite). 

If the ISR is compared for low particle loadings (0.00025 m2/mL), that are more relevant to 

actual single exposure levels [170, 171], the effect of cell death is negligible. At this lower 
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loading the ISR generated by bornite was the greatest, followed by chalcocite and chalcopyrite 

(Figure 5). These results are not unexpected since at the higher loadings the ISR generated by 

bornite and chalcocite are predominately increased by an upregulation of ROS within the cells. 

The ISR derived by chalcopyrite, on the other hand, is predominately driven by cell death. While 

the Fenton reaction is often presented with iron as the metal, copper is also a Fenton metal [18, 

172] and it may also interfere with other processes in the cell. The simultaneous release of 

copper and iron leads to particularly high ISR as exemplified by chalcopyrite and bornite at the 

highest loading level and bornite and the 0.001 m2/mL loading level.  

After the copper sulfides, galena generated the highest ISR. However, galena exhibits an 

immediate spike in ISR driven by a drastic loss in cell viability, followed by a recovery of the 

system and lower ISR values. This temporal trend, which is very different from the other sulfides 

studied here, may be due to a change in surface properties over time or the initial generation of 

˙OH + H2O2 (Figure 1). Oxidation products of galena are relatively insoluble and due to the 

increase in surface coating that occurs during the dissolution, the rate of dissolution decreases 

with time [173]. It must be noted that anglesite, the lead sulfate dissolution product, is toxic if 

allowed to accumulate in the body. However, since it is a cumulative poison, the small amount of 

anglesite that may be present in this study would not be expected to cause damage. The ISR 

generated by galena can be attributed to extensive necrotic cell death. The upregulation of ROS 

stays predominantly stable when compared to control wells and even decreases with time. This 

trend in behavior is interesting, given the overall increase in viability with time (3.5% to 20%).  

The ISR values generated by arsenopyrite are perhaps surprisingly low given that the 

mineral contains ferrous iron and generates H2O2 when dispersed in water (Figure 1). It is 

possible that the dissolution and release of iron is limited in the more complex fluids used in the 

cellular studies, similar to earlier results with pyrite, which showed a reduction in dissolution rate 

[108]. Furthermore, at a neutral pH, ferric iron-hydroxide coatings dominate the surface of 

arsenopyrite and sulfur, not iron, is readily released into solution [156]. Although the ISR for 

arsenopyrite is low and falls within the range generated by relatively inert materials (e.g. glass 

bead and anatase, Table 4), the cell viability data indicate that arsenopyrite does affect epithelial 

cells. Characteristic response of cells exposed to relatively inert material (e.g., glass beads) is to 

upregulate ROS and maintain a steady, if not increasing, cell viability when compared to a 

control [143]. However, the cell viability data for arsenopyrite indicate significant necrotic cell 
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death after 24 hours (Figure 2). Unlike glass beads, arsenopyrite does not upregulate ROS; 

hence, the resulting ISR value is low. A similar pattern is observed in a study utilizing small cell 

lung carcinoma (SCLC) cells, with arsenic generating predominately necrotic and not apoptotic 

cell death [174].  This divergent behavior is similar to that seen by galena, where the ISR is 

driven up primarily by cell death and not by a cellular upregulation of ROS.  Unlike other metals 

in this study, both arsenic and lead are known immunosuppressants which might explain the 

limited upregulation of ROS [175, 176].  

The ISR generated by the sphalerite samples are the lowest among the sulfide mineral 

studied here. The ISR among the sphalerite samples generally decreased with increasing iron 

content, which suggests that Fenton-driven chemistry with iron does not play a role. In fact, the 

presence of structural iron appears to limit the cytotoxicity. As reported for iron-coated quartz 

[159], a large amount of structural iron within the sphalerite may lead to the formation of a ferric 

oxide coating that may render the material less cytotoxic. The iron oxy-hydroxide patches also 

limit the dissolution rate. Similar to arsenopyrite, the ISR generated by all the sphalerite samples 

fall within the range generated by inert material[143]. However, unlike arsenopyrite, for the most 

part the ISR values are driven by an upregulation of ROS. Trace metals other than iron, such as 

mercury, may also play a role in the differentiation between the three sphalerite samples. Unlike 

any of the other sulfides tested here, the sample of Picos de Europa contained measurable 

amounts of mercury (1300 ppm). Furthermore, it is important to note that although the Balmat 

sphalerite did not generate a high ISR, the cell viability did decrease with time (95% versus 

82%). A decrease in viability over time is not seen in inert material and indicates the 

inflammation generated by the Balmat sphalerite is likely to continue to increase with time.  

 

5.5. Conclusions 

 The ISR is used to evaluate the toxicity of ore and/or associated ore minerals. Except in 

the case of chalcopyrite, there is no clear correlation between the metal-sulfides ability to 

generate ROS when dispersed in water and generate an ISR. The minerals containing ferrous 

iron and copper generated the greatest ISR values, driven by both an upregulation of ROS and 

necrotic cell death. Minerals containing lead, arsenic and ferric iron generated ISR values based 

on pronounced necrotic cell death combined with minimal ROS upregulation. The importance of 

evaluating the ISR and its individual components is highlighted in this study. While the actual 
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biological pathways interrupted are unknown, understanding the inflammatory response 

generated by a material and the type of cell death that results is important in determining not 

only the deleterious nature of the material but also a first step in a developing a better 

understanding of the pathogenesis and designing possibly treatments. 
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Figure 5.1. Kinetic analysis of reactive metal-sulfide ore minerals. Fluorescence 
measurements quantifying H2O2 + ˙OH production in an acellular system (phosphate buffered 
solution at a pH of 7.4) taken as a function of time for galena, arsenopyrite and chalcopyrite are 
represented. Material loading was at 10 m2/L 
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Figure 5.2. ISR of A549 cells generated by eight metal-sulfide ore minerals. The ISR 
generated by the eight study materials are represented, with cell viability for each in the inset. (a) 
Sphalerite – Yu Chen Mine (China), (b) sphalerite – Balmat, New York (USA), (c) sphalerite – 
Picos de Europa (Spain), (d) arsenopyrite, (e) galena, (f) chalcopyrite, (g) bornite, and (h) 
chalcopyrite. For some data points, the error bars (representing standard deviation of eight 
replicates) are obscured by the symbols.  
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Figure 5.3. Evolution of ISR over time generated by the highest ore mineral particle 
loadings. The ISR generated over time by all the metal-sulfide ore minerals tested at the highest 
particle loading (0.002 m2/mL) is represented. For some data points, the error bars (representing 
standard deviation of eight replicates) are obscured by the symbols. 
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Figure 5.4. Evolution of ISR over time generated by the moderate ore mineral particle 
loadings. The ISR generated over time by all the metal-sulfide ore minerals tested at the 
moderate particle loading (0.001 m2/mL) is represented. For some data points, the error bars 
(representing standard deviation of eight replicates) are obscured by the symbols. 
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Figure 5.5. Evolution of ISR over time generated by the low ore mineral particle loadings. 
The ISR generated over time by selected metal-sulfide ore minerals tested at a low particle 
loading (0.00025 m2/mL) is represented. For some data points, the error bars (representing 
standard deviation of eight replicates) are obscured by the symbols. 
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6.1. Introduction 

Historically, particle inhalation toxicity studies focus on occupational settings with high 

exposure levels and a clear link to a lung disease (i.e. coal workers’ pneumoconiosis among coal 

miners, silicosis among stoneworkers, and asbestosis in mining and manufacturing) [2, 3, 177]. 

More recently, the scope of inhalation toxicological research has expanded to nano materials as 

well as to low-dose exposures outside of occupational settings in the form of inhalation of 

aerosols. Iron oxyhydroxides are a common component of aerosols. While there have been 

studies on pure iron oxides, iron oxyhydroxides have received far less attention. Furthermore, it 

is important to recognize that natural iron oxyhydroxides typically contain other elements. One 

of the major substitutes for iron in iron oxyhydroxides is manganese. 

 Manganese is of interest from a health perspective because it is an essential 

micronutrient, but excessive manganese accumulation in the body can cause irreversible 

neurodegenerative damage, which results in a range of neurological disorders from learning 

deficiencies in children to syndromes similar to idiopathic Parkinson’s disease [178-182]. Most 

of what is known about manganese toxicity is derived from studies in occupational settings. For 

example, overexposure to manganese is observed in drycell battery factory workers, manganese 

dioxide miners, smelters, and welders [180]. At high exposures, manganese accumulates in the 
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brain and induces neurological diseases [183]. However, since manganese use is pervasive, non-

occupation exposures are also common. The general population is exposed to manganese via 

fungicide, pesticide, fertilizer, electronics, aluminum cans, production of steel, gasoline additive, 

mine runoff, and even street drugs [180, 181, 184-187]. Apart from anthropogenic sources, 

manganese is the third most common metal in natural soils and dust [188]. However, little is 

known about the effect of manganese at low exposure dose, such as through inhalation of natural 

aerosol or urban dust particles. Given that manganese is a Fenton metal there is the potential that 

manganese-containing particles cause oxidative stress upon inhalation. The aim of this study is to 

study the effect of manganese-containing iron oxyhydroxide particles in comparison to dissolved 

manganese ions and a pure manganese oxide. 

 

6.2. Background  

Recent data indicates the amount of material accumulated in the lungs is less important 

than the type of particles being inhaled [121-123]. Size, aspect ratio, chemical composition and 

structure are factors that may contribute to the toxicity of a particle. Cellular uptake, subcellular 

localization, and ability to catalyze the production of reactive oxygen species (ROS) (or generate 

these species directly) [189] are all dependent on the latter two, lesser understood particle 

properties. For example, rutile (TiO2) has been shown to generate oxidative damage, whereas 

anatase of the same size and chemical composition, but structurally different from rutile, does 

not [190]. The oxidation state of a material can also be a determinant of toxicity, as is evidenced 

by the relatively inert Cr(III) versus the highly toxic Cr(VI) [191, 192].  

The ability of a material to take part in Fenton chemistry is important in determining its 

ability to generate hydroxyl radical. To date, only five metals (iron, copper, vanadium, chromium 

and manganese) have been shown to facilitate the Fenton reaction to varying degrees (Equations 

1-4, where M represents a Fenton metal) [18, 24, 25]. The ability of Fenton metals to generate 

ROS is likely a key factor to their deleterious nature [7, 21, 92, 108, 143, 193]. While a cyclic 

process, Fenton chemistry is driven by the reduced oxidation state of the aforementioned metals 

[92].  

  Mn+ +O2 � M(n+1)+ +O2˙
-      Eqn. 1 

Mn+ + O2˙
- + 2H+ � M(n+1)+ + H2O2     Eqn. 2 

  H2O2 + Mn+ � M(n+1)+ + ˙OH + -OH     Eqn. 3 

  2H2O2 + 2M(n+1)+ � 2Mn+ + 2H2O + 2O2 + 2H+   Eqn. 4 
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Normally occurring together, iron and manganese are among the most common metals in 

mineral dust, particularly in soil dust. Yet, there are no reports on the generation of ROS when 

both iron and manganese are both present. Given the abundance of iron and manganese and the 

fact that they are both Fenton metals, it is important to evaluate the impact of iron and 

manganese exposure as well as their combined exposure on human health. Here, we evaluate the 

effect of manganese substituted goethite, a common iron oxy-hydroxide mineral (FeOOH) on 

epithelial lung cells.  

Since the immediate reaction of the body to manganese needs to be assessed, the protocol 

quantifying an inflammatory stress response (ISR) is utilized [143]. By allowing for direct 

comparison between study materials and the evolution of stress to be observed over a 24 hour 

period, the geochemical mechanics of toxicity can be better understood. Furthermore, while the 

interruption of specific biological pathways cannot be determined, the normalization of cellularly 

derived ROS (indicator of apoptosis) by cell viability (necrotic cellular death) not only allows for 

overall stress levels to be evaluated, but inferences can be made when each component is 

evaluated as well [168, 169]. By comparing the ISR with the ability of manganese to generate 

ROS, the mechanism behind pathogenesis can be better understood.  

 

6.3. Materials and Methods 

6.3.1. Mineral Synthesis and Sample Preparation  

Dissolved metals and metal-bearing mineral phases were investigated (Table 1). The 

minerals were synthesized to eliminate impurities typical of naturally occurring phases and also 

to attain a range of manganese contents in the iron oxyhydroxide. The synthesis techniques used 

were based on a previously published protocol [194]. Briefly, solutions of 0.53 M 

Fe(NO3)3•9H2O and Mn(NO3)2•4H2O were mixed to specific Mn/(Mn+Fe) mole ratios (Table 1). 

2 M NaOH was then added and the precipitate was centrifuged, supernatant removed and 0.3 M 

NaOH was added. After vortexing to re-suspend the solids, the material was dried at 60˚C for 24 

hours. The samples were washed, dried and gently ground. Manganese oxides and ferrihydrite 

admixtures were removed via oxalate extraction [195]. The concentrations of manganese are 

similar to the iron/manganese ratio in Earth’s upper crust [196]. The phase composition of 

samples (e.g., purity) was determined by X-Ray Diffractometry (XRD) using a Scintag PAD X 

diffractometer under the following conditions: CuKα1, 40kV, 25 mA, 5° – 75° 2Θ, step 0.02° 2Θ 
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and counting times of 5-10 seconds per step (Figure 1). While the goethite phases are pure, the 

hausmannite sample contains oxalate from the oxalate extraction performed on all the mineral 

samples. This is not expected to affect results. The specific surface areas were determined using 

a Quantachrome NOVA 5-point BET analyzer. The summary of synthesized phases used in this 

study is presented in Table 1. 

 

6.3.2. Reactive Oxygen Species Formation 

6.3.2.1. Adenine decomposition 

 Adenine was used as a proxy for hydroxyl radical formation by the manganese-doped 

goethite (FeIIIOOH) and hausmannite (MnIIMnIII
2O4) [133, 197]. Adenine is stable in the 

presence of dilute hydrogen peroxide, but is converted to 8-oxoadenine, 2-hydroxyadenine 

(isoguanine), and 6-N-hydroxyaminopurine (HAP) in the presence of hydroxyl radical [197-

199]. To verify that the adenine decomposition was due to hydroxyl radical formation, 4% 

ethanol (a radical scavenger) was added to a set of control experiments with each of the materials 

[197]. Two types of batch experiments were conducted. In one set, solids were suspended in 10 

mL potassium phosphate buffer (10 mM) at a pH of 7.4 with 100µM Adenine. The suspensions 

were contained in 15 mL Falcon centrifuge tubes. The tubes were wrapped in Al-foil to avoid 

possible photochemical reactions. The mineral slurries were incubated for at least 19 days on 

orbital shakers with periodic sampling. In order to assess adenine decomposition, the tubes were 

centrifuged at 2,000 rpm for 25 minutes, 2 mL of the supernatant removed and placed in a 1 cm 

quartz cuvette for UV analysis. After analysis, the supernatant was placed back in the foil 

covered tube, vortexed to suspend the material, and placed back on an orbital shaker. To directly 

test whether the manganese-doped goethite (FeIIIOOH) and hausmannite (MnIIMnIII
2O4) can 

facilitate the Fenton reaction, as second set of experiments were performed with 1 mM H2O2 

added to the mineral suspension in the same buffer solution. Adenine degradation was quantified 

by absorbance at 260 nm using a Hach DR/4000 UV-Vis spectrometer. All reagents were 

procured from Sigma-Aldrich and used without further purification. Particle-free control 

experiments were performed to determine the stability of adenine at a pH of 7.4. All solutions 

were prepared form 18.2 MΩ-cm, UV-irradiated, ultra-pure water.  
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6.3.2.2. APF 

 The 3’-(p-Aminophenyl) fluorescein (APF) probe was also utilized to quantify the 

formation of not only hydroxyl radical, but also hydrogen peroxide by the manganese species in 

water. While the APF probe is highly specific for hydroxyl radical, the addition of horseradish 

peroxidase (HRP) converts the probe to the fluorescent fluorescein in the presence of hydrogen 

peroxide. This allows for both hydroxyl radical and hydroxyl radical plus hydrogen peroxide to 

be quantified. Originally developed by Setsukinai et al. [200], the protocol used in the present 

study was adapted and is outlined by Cohn et al. [57]. These experiments complement the 

experiments performed with adenine.  

 

6.3.3. Culturing and Plating the A549 Human Lung Epithelial Cell Line 

A previously published protocol was employed in the culturing and plating of the A549 

human lung epithelial cell line [143]. The cell growth media was comprised of 10% Fetal Bovine 

Serum (FBS) and 1% 1X Penicillin/Streptomycin in Ham’s F12K Media. The cells were 

detached using trypsin with ethylenediaminetetraactic acid (EDTA) in cases of passage and 

counting. Cells were quantified using a hemocytometer and trypan blue staining agent and then 

loaded into 96-well microplates at 8 x 104 cells/mL. Columns 1, 2, 11, and 12 were kept cell free 

for normalization purposes. Cell work was performed in a sterile hood and when not in the hood, 

a lid was kept on the microplate. An incubator kept the temperature, relative humidity and 

carbon dioxide concentration in air constant (37˚C, 95% and 5% CO2 in air, respectively). 

 

6.3.4. Inflammatory Stress Response Measurements 

A previously published protocol was utilized for in vitro inflammatory measurements on 

the A549 human lung epithelial cell line [143]. Two different assays were used in tandem and 

administered in situ: 2',7'-dichlorfluorescein-diacetate (DCFH-DA) assay, which is a probe for 

cellularly generated ROS [119] and the cell viability assay 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS). When analyzed 

concomitantly, the ROS upregulation can be normalized to cell viability, allowing for the 

contaminant derived inflammatory stress response (ISR) to be determined. 

The salts and minerals were administered at different loadings, generated via serial 

dilutions. Loadings for mineral samples were normalized by weight (given similar surface areas), 
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while solution salts were normalized by molarity. ROS upregulation measurements were made 

using Thermo Scientific’s Fluoroskan Ascent and cell viability measurements were made on a 

Molecular Devices’ SpectraMax 340PC384 since DCFH-DA is a fluorometric assay and MTS is 

colorimetric probe.  

  

6.4. Results 

The ISR generated by iron and manganese in solution, manganese-substituted goethite, 

and hausmannite is presented in Figures 2-5. The solutions containing moderate (1 mM) 

concentrations of iron and manganese generated a similar ISR after 24 hours (1641 and 1605 % 

of the control, respectively) (Figure 2). Manganese generated a steadier rate of ISR increase, 

whereas there was a significant increase in ISR after 30 minutes followed by a steady increase in 

ISR value for the experiment with dissolved iron (Figure 3). At the highest concentration (2 mM) 

the experiment with dissolved manganese generated a greater ISR value than the experiment 

with dissolved iron. Similar to moderate concentrations, the ISR generated in the experiment 

with dissolved manganese steadily increased with time while there was an immediate spike in the 

ISR value for the experiment with iron followed by a slow increase. However, unlike the ISR 

generated in the experiment with 1 mM iron, the ISR generated in the experiment with 2 mM 

iron peaked at the 8 hour time point and then decreased after 24 hours. Generally, the ISR 

generated by dissolved manganese was due to an upregulation in cellular ROS, whereas the ISR 

generated by dissolved iron was due to a dramatic decrease in cell viability. For the solutions in 

which manganese and iron were mixed, the ISR exhibited trends that were similar to those of the 

iron solution.  

For the goethite, manganese-substituted goethite and hausmannite, the ISR increased with 

increasing manganese content (Figure 4). While low, the ISR generated in experiments with G1 

(pure goethite) and G2 (5% manganese substituted goethite) increased with time and reached 141 

and 183% of the control, respectively (Figure 5). The ISR generated in experiments with G3 

(10% manganese substituted goethite) was highest at the 8 hour time point (592 % of the control) 

and decreased to 505 % of the control at 24 hours. Cells exposed to G4 and G5 exhibited the 

same pattern of behavior with the highest ISR generated occurring at the 4 hour time points 

(3320 and 8795 % of the control, respectively). After this peak value, the ISR generated by both 

samples gradually decreased at the 8 and 24 hour time points. The results of experiments with 
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G4 and G5 differ from those with samples G1through G3 in that lower cell viabilities contributed 

to the increasing ISR, while in experiments with G1 through G3 the ISR value were solely 

attributable to an upregulation in cellularly derived ROS. Specifically, the viability of cells 

exposed to G4 dropped from 94.3 % viability compared to the control at the 1 hour time point, to 

85.2 % at 4 hours, followed by 72.1% viability after 24 hours. G5 (hausmannite) generated more 

extensive cell death, as viability immediately dropped to 66.4 % after 30 minutes and then 

reached 48.6 % of the control at 1 hour. The cell viability slowly increased with time to 59.8 % 

at 24 hours.  

The ability of goethite, manganese-doped goethite and hausmannite to generate hydroxyl 

radicals was also determined via adenine decomposition and APF. Not only was there no 

fluorescein generated in the APF experiments, there was also no appreciable decay of adenine 

for experiments performed in phosphate buffer alone or those spiked with hydrogen peroxide for 

G1-G3 (Figure 6). While there was appreciable fluorescein generation by hausmannite (4 µM 

after 8 days) and G4 (932 nM after 8 days) in the APF experiments, it is not clear if this 

fluorescence was due to ROS generation or a false positive due to an interaction between 

manganese and the APF probe [201]. Adenine showed a slight decrease in concentration in 

experiments with G4 and G5; however, the decrease in concentration was similar to those 

observed in experiments with ethanol. Furthermore, in batch experiments in which hydrogen 

peroxide was added there was no appreciable loss of adenine. Taken together the results of the 

APF experiments and the adenine experiments suggest that the solids tested here do not produce 

significant amounts of hydroxyl radical when dispersed in phosphate saline solutions.  

 

6.5. Discussion 

 The ISR, a measure of the inflammatory nature of a material, is derived by normalizing 

the cellular ROS upregulation by A549 human lung epithelial cells to the viability of the cells. 

This study demonstrates the importance of assessing ROS upregulation and measuring cell 

viability in parallel. While the ISR generated by manganese in solution is predominately driven 

by the upregulate ROS production in cells; dissolved iron, on the other hand, does not lead to 

significant ROS upregulation, yet results in extensive necrotic cell death. The different cellular 

reactions to the metal salts suggest different biological responses to the two Fenton metals. 

Furthermore, the effect of mineral structure is demonstrated when the reaction of the cells to iron 
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salt is compared to the reaction of the cells to pyrite (FeS2) [143]. In the study by Harrington et 

al. [143], the ISR is 50 times greater than the highest ISR generated by iron salt and originated 

from significant ROS upregulation and dramatic cellular death. 

 Unlike with the iron salt solution, the manganese solution generated an increase in ISR 

with not only time but also loading. It is likely that this is related to a difference in stability of 

dissolved manganese compared to dissolved iron rather than a difference in reactivity between 

the two metals. Since the redox environment in biological systems ranges from -50 to -300 mV 

at a pH of 7.4, MnII will stay in solution, while iron hydroxide will precipitate out [202]. The 

precipitation of iron hydroxide is observed at the higher loadings and also increases with time. 

Therefore, while the MnII in solution continues to generate oxidative stress, the stable, relatively 

inert, iron precipitate does not. However, in the body, if engulfed by macrophages, the 4.5 pH of 

the lysosomal fluid would likely favor the more reduced, FeII. The experiments in which the cells 

were exposed to mixtures of iron and manganese salts tended to give ISR values similar to those 

with iron salts alone. This result is likely due to precipitation of iron hydroxide and co-

precipitation of manganese, leading to the removal of manganese and iron from solution.  

 The results with pure goethite corroborate earlier work that showed that this iron 

oxyhydroxide does not illicit an inflammatory response in human lung cells. Because goethite is 

essentially inert, it is a useful material to study the effect of trivalent manganese on epithelial 

cells. While intuitively MnII might be considered a stronger reductant than MnIII, trivalent 

manganese species are more toxic than MnII because they tend to directly oxidize biological 

molecules [180, 203]. While there is not a significant ISR at 5% manganese content (G2), once 

doped with 10% (G3) and 15% manganese (G4), the ISR generated by the goethite increased 

steadily and linearly with loading. However, unlike with the manganese salt solution, but similar 

to other reactive minerals, the ISR generated did not increase with time [143]. Similar to the 

manganese salt solution, the ISR generated by manganese doped goethite is predominately 

driven by an upregulation of ROS. Hausmannite (G5), the only pure manganese oxide studied, 

not only generated the greatest ISR, it also generated both an upregulation of ROS and 

significant necrotic cell death. The extensive necrotic cell is likely due to cellular derived ROS 

generation, resulting in sever oxidative damage [204]. Although the pure phase manganese 

mineral generated significantly higher ISR values than manganese-doped goethite, when 

normalized on a manganese basis, the toxicity of all the manganese bearing minerals are similar. 
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The extremely slow oxidation rate of divalent manganese in solution helps explain the 

lack of substantial hydroxyl radical formation [205]. Given that the reaction rate of manganese 

increases at non-biologically applicable pH ranges [205] and that there was no quantifiable ROS 

generated by the manganese-doped goethite or hausmannite, it is likely that the oxidative stress 

caused by manganese exposure is not driven by its ability to directly generate ROS in solution (at 

least on the time scale of the present study) but rather due to its direct interaction with 

biomolecules [203]. Therefore, although they are both Fenton metals, the mode of oxidative 

stress for manganese and iron differs. This difference is observed in the causes underlying the 

high ISR values for experiments performed with iron and manganese salts. While the vast 

necrotic cellular death observed with FeII in solution is likely attributable to its known ROS 

generating potential [57, 92], the upregulation of cellular ROS caused by the manganese 

originates elsewhere. Even though the mechanisms behind manganese trafficking and oxidative 

stress are beginning to be understood in neurodegenerative diseases [206], further experiments 

need to be performed to determine if the specific biological pathway interrupted by manganese in 

the lungs are the same. 

 

6.6. Conclusions 

Breaking down natural soils into individual components can provide a deeper insight into 

the origin of oxidative damage and therefore disease. The extreme reactivity of FeII generates an 

immediate cellular response of necrotic cellular death which drives up the ISR at relatively low 

concentrations. The higher solubility of manganese compared to iron, which precipitates out into 

a relatively inert iron hydroxide phase under these biologically applicable conditions, allows for 

a considerably steady ISR over time and a response that increases smoothly with loading. The 

ISR generated by goethite increased with manganese content. The only pure manganese solid 

phase studied, hausmannite, generated the greatest ISR and is the only manganese species that 

generated significant cellular death. The insignificant hydroxyl radical formation by manganese 

doped goethite and hausmannite indicates that the oxidative damage is likely derived by direct 

interaction with biomolecules rather than its ability to generate ROS in solution. However, given 

the low proportion of manganese in goethite that generated an ISR, it is important to keep in 

mind trace components in minerals when discussing and assessing toxicity.  
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Table 6.1. Metal salts and minerals investigated.  

Group 
Experimental 
Designation 

Metal Form 
Maximum Concentration 

Iron Manganese 

Metal Salts 

Fe Salt Iron sulfate heptahydrate 2 mM --- 

Mn Salt Manganese sulfate monohydrate --- 2 mM 

FeMn Salt Iron and Manganese sulfate 1 mM 1 mM 

Mineral 
Species 

G1 Goethite Fe(III)OOH 

G2 

Manganese Substituted Goethite 

Fe(III)0.95Mn(III)0.05OOH* 

G3 Fe(III)0.9Mn(III)0.1OOH* 

G4 Fe(III)0.85Mn(III)0.15OOH* 

G5 Hausmannite Mn(II)Mn(III)2O4* 

*Idealized stoichiometry 
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Figure 6.1. XRD data of iron and manganese oxide minerals. XRD data of manganese, iron 
phases investigated in this study. Normalized intensity is offset for clarity along the y-axis. 
Phases G1 through G4 correspond to pure goethite with increasing manganese content in the 
structure (0%, 5%, 10% and 15% Mn for G1 through G4, respectively). The structural changes 
resulted from the increasing Mn content can be documented by the decreasing FWHM of the 
peaks located around 21.3 and 26.4˚ 2Q, as well as increased separation of the peak dublet 
between 36 and 37 degrees 2theta from 0.53 degrees in sample G1 (36.25 and 36.78˚ 2Q) to 
1.04˚ in sample G4 (35.84 and 36.88˚ 2Q). Sample G5 is a mixture of hausmannite and a 
manganese oxalate artifact from the synthesis procedure. Oxalate peaks are marked with an 
asterisk. 
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Figure 6.2. ISR of A549 cells generated by metal salt solutions. The ISR generated by the 
three metal salt solutions are represented, with cell viability for each in the inset. (a) Iron sulfate, 
(b) iron and manganese sulfate, and (c) manganese sulfate. For some data points, the error bars 
(representing standard deviation of eight replicates) are obscured by the symbols. 
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Figure 6.3. ISR of A549 cells generated by synthetic iron and manganese oxide minerals. 
The ISR generated by the five synthetic iron and manganese oxide mineral species are 
represented, with cell viability for each in the inset. (a) G1 – goethite, (b) G2 – 5% manganese in 
goethite, (c) G3 – 10% manganese in goethite, (d) G4 – 15% manganese in goethite, and (e) G5 
– hausmannite. For some data points, the error bars (representing standard deviation of eight 
replicates) are obscured by the symbols. 
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Figure 6.4. Evolution of ISR over time generated by metal salt solutions. The ISR generated 
over time by the metal salt solutions at two contaminant concentrations are represented. (a) 2 
mM and (b) 1 mM concentrations of iron sulfate, iron and manganese sulfate, and manganese 
sulfate. For some data points, the error bars (representing standard deviation of eight replicates) 
are obscured by the symbols. 
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Figure 6.5. Evolution of ISR over time generated by synthetic iron and manganese oxide 
minerals. The ISR generated over time by the five synthetic iron and manganese oxide mineral 
species at two contaminant concentrations. (a) 0.01 m2/mL and (b) 0.002 m2/mL concentrations 
of goethite, 5% manganese in goethite, 10% manganese in goethite, 15% manganese in goethite, 
and hausmannite. For some data points, the error bars (representing standard deviation of eight 
replicates) are obscured by the symbols. 
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Figure 6.6. Degradation of adenine by synthetic iron and manganese oxide minerals. The 
degradation of adenine (absorbance at 260 nm) by synthetic iron and manganese oxide minerals 
is used as a proxy for hydroxyl radical formation are represented. (a) adenine, (b) adenine and 
ethanol and (c) adenine and hydrogen peroxide. 
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7.1. Introduction 

The last United States combat troops were withdrawn from Iraq by 2012. However, many 

soldiers are experiencing lingering health effects associated with their deployment to Iraq. Apart 

from combat-related injuries, a significant number of soldiers returning from the Greater Middle 

East have lung illnesses ranging from new onset asthma to constrictive bronchiolitis. The rate of 

asthma development among soldiers is higher for troops that have been deployed in Iraq than 

those remaining stateside (6.6% vs. 4.3%, respectively) [16, 207]. In fact, 14% of medic visits in 

Iraq were due to respiratory complaints [208]. The lung illnesses observed are inflammatory in 

nature and, therefore, more indicative of an overabundance of reactive oxygen species (ROS) 

within lungs rather than a disruption in cellular replication (mutagenicity) [209].  

The conditions in the Greater Middle East are dramatically different from the usual 

conditions that soldiers are exposed to in the United States. Average rainfall in Iraq is low (216 

mm per annum versus 715 mm per annum for Iraq and United States, respectively), leading to 

dry soil and dust-filled air [210, 211] . Specifically, the average PM10 and PM2.5 mass in the 

Greater Middle East is an order of magnitude higher than in the southwest United States [212]. 

Recurrent dust storms can place as much as 10,000 µg/m3 of PM10 in the air, which is 154 times 
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higher than the exposure standard for soldiers [212, 213]. Inhalation of PM10 particulate dust can 

trigger asthma, even in the absence of allergic sensitization [214]. Possible exposure sources are 

natural mineral dust (soil and sand), as well as dust originating from burn pits located within 

camps. These burn pits were used to incinerate organic and inorganic waste, including spent 

ammunition and jet fuel.  

In general, a material can generate inflammation within the body in a number of ways. 

One common pathway to inflammation is particle-induced formation of ROS via reactions with 

surface defects and/or particle-mediated Fenton chemistry [92]. In Fenton chemistry, dissolved 

molecular oxygen is reduced step-wise by dissolved ferrous iron, leading to the formation of 

superoxide, hydrogen peroxide, and hydroxyl radical. In particle-mediated Fenton chemistry the 

reduction of dissolved molecular oxygen can take place at iron atoms exposed on particle 

surfaces or in solution with iron released by the particle. It is now widely recognized that metals 

other than iron, such as chromium, manganese, vanadium, and copper, can also facilitate Fenton 

chemistry. Apart from directly increasing the ROS level in cells, particle-derived metals may 

also affect the homeostasis between pro- and anti-oxidants within cells by reacting with anti-

oxidants, thereby tipping the balance in favor of pro-oxidants.  

A second pathway to particle-induced inflammation is driven by the mere exposure to 

particulate matter, regardless of its reactivity. Particle exposures leading to a lung burden in 

excess of 1µg/L impairs alveolar macrophage (AM)-mediated lung clearance. This condition, 

called particle overload, leads to a decrease or even cessation of the phagocytosis of particles. 

This particle-induced suppression of phagocytosis can also diminish the ability to clear dead or 

dying cells from the lung through phagocytosis, a process referred to as efferocytosis. A lack of 

efficient efferocytosis exacerbates the inflammation by generating secondary necrotic cellular 

death. If the particulate material is cytotoxic, phagocytosis may be compromised at exposure 

levels below the threshold triggering impairment when exposed to unreactive material. [42] 

In this study we evaluate the response of epithelial lung cells to a dust sample collected in 

Iraq. Cell viability and ROS up-regulation have been measured to determine whether this 

material elicits an unusually strong ISR compared to soil dust collected at an arid location in the 

United States and standard reference soils. 
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7.2. Materials and Methods 

7.2.1. Dust sample acquisition, characterization and treatment 

Two natural dust samples were investigated. The primary dust sample came from Camp 

Victory, Iraq (CVD) and was collected near a burn pit. For comparison, a second dust sample 

was collected from Fort Irwin, California, (FID). Fort Irwin is located in the Mojave Desert, 

midway between Las Vegas, Nevada, and Los Angeles, California. Silica glass beads from 

Corpuscular and two National Institute of Standards and Technology (NIST) soils (San Joaquin 

#2709 and Montana #2710) were evaluated along with the two dust samples. The San Joaquin 

soil contains baseline trace elements whereas the Montana sample contains elevated trace 

elements. Full descriptions of the two soil reference materials is provided by NIST [136, 137]. 

Both CVD and FID dust samples were fully characterized. Morphology was examined 

using the LEO Gemini 1550 (Figure 1). The mineralogy of each dust samples was determined 

using a Scintag PAD X diffractometer under the following conditions: CuKα1, 40kV, 25 mA, 5° 

– 75° 2Θ, step 0.02° 2Θ and counting times of 5-10 seconds per step. Complete chemical 

analyses were performed using XRF at the Geoanalytical Laboratory at Washington State 

University. The XRF analysis is based on a lithium borate fused glass bead of the sample. In 

order to determine the origin of toxicity within the dust, carbonate phases were dissolved by 

exposing a subsample of each dust to a 1.0M HCl solution for about 12 hours. The acid-treated 

material was reanalyzed in house with a Bruker S4Pioneer XRF using the pressed pellet method. 

For normalization of exposure experiments, the surface area was determined using a 

Quantachrome NOVA 5-point BET analyzer using UHP N2 gas.  

 

7.2.2. Particle-derived reactive oxygen species formation  

The formation of hydroxyl radical (˙OH) and hydroxyl radical plus hydrogen peroxide 

(˙OH+H2O2) was determined upon dispersal of the dust in water. The analysis for ˙OH and 

˙OH+H2O2 was conducted using a protocol developed by Cohn et al. [57] which is based on the 

reaction of 3' -(p-Aminophenyl) fluorescein (APF) with ˙OH forming fluorescein [200]. The 

APF probe has a very high specificity for ˙OH. By adding horse radish peroxidase (HRP) any 

H2O2 with be converted and leads also to the formation of fluorescein. Hence, by adding HRP 

the concentration of ˙OH+H2O2 is determined. Following the protocol outlined in Cohn et al. 

(2009) we measured both the production of ˙OH and ˙OH+H2O2 after 24 hours of incubation.  
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7.2.3. Culturing and Plating the A549 Human Lung Epithelial Cell Line 

 The A549 human lung epithelial cell line was utilized. The cells were cultured and plated 

using a previous published protocol [143]. The cell growth media consisted of predominately 

Ham’s F12K Media with 10% fetal bovine serum and 1% 1X penicillin/streptomycin. Trypsin 

with ethylenediaminetetraacetic acid (EDTA) was used to detach the cells for passage and 

plating. Cell quantification was determined with Trypan blue stain on a hemocytometer. 

 To maximize replicates and experimental conditions, 96-well microplates were utilized. 

When plating, columns 3 through 10 were loaded with 8 x 104 cells/mL, covered with a 

microplate lid, and allowed to incubate at 37˚C in culturing media until confluent (approximately 

two days). Columns 1, 2, 11, and 12 were kept cell free for normalization. In order to avoid 

airborne bacteria, sterile hoods were always employed when working with the cells and 

microplate lids were utilized when not in the hood. Temperature, relative humidity and carbon 

dioxide (CO2) concentration in air were kept constant (37˚C, 95% and 5% CO2 in air, 

respectively) in the incubator.  

 

7.2.4. Inflammatory stress response measurements 

 A previously published protocol was used to determine the inflammatory stress response 

generated by particle contaminates [143]. Cell growth media was discarded upon experimental 

initiation and columns 1-6 were filled with 200 µL 50 µM 2’,7’-dichlorofluoroscein-diacetate 

(DCFH-DA) from Sigma Aldrich in Hank’s Buffered Salt Solution (HBSS) and columns 7-12 

were filled with 200 µL HBSS, and then placed in the incubator for 20 minutes. All liquid 

contents were again discarded and 200 µL of the contaminant slurry was added to selected wells. 

The range in dust particle loadings was derived from serial dilutions of two stock solutions. 

Initial experiments were performed using a stock solution of 0.002 m2/mL and follow up 

experiments were performed using a stock solution of 0.05 m2/mL. A row of wells were kept 

contaminant free for normalization (control). After the addition of the contaminant slurry, 20 µL 

of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) from Promega was added to wells in columns 7-12. Plates were then placed in the 

incubator for 30 minutes until the first analysis. Duplicate plates allowed for eight wells in each 

experimental condition.  
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 Since each plate contained fluorometric (DCFH-DA) and colorimetric (MTS) probes, two 

plate readers were utilized. A Thermo Scientific’s Fluoroskan Ascent was used to determine the 

fluorescence developed as a result of the addition of DCFH-DA, while a Molecular Devices’ 

SpectraMax 340PC384 was used to determine the color associated with the MTS probe. Plates 

were analyzed systematically over 24 hours. For all times outside of incubator, the microplates 

were kept in foil to keep out light. The pH of the plate wells was determined with a Sensorex 

Combination pH Electrode (½ inch in diameter) attached to a Fisher Scientific Accumet Portable 

pH meter. 

 

7.3. Results 

The two dust samples were predominately composed of the same mineral assemblage 

with quartz, calcite and feldspar representing the bulk mineralogy (Table 1). Camp Victory dust 

(CVD) also contained aragonite and dolomite and Fort Irwin dust also contained chlorite and 

illite. The elemental analysis of each dust sample did not show any anonymously high heavy 

metals concentrations. In fact, except for the elevated chromium and nickel concentrations in 

CVD, these soils are not too dissimilar from NIST standard reference material #2709A, which is 

a soil collected in San Joaquin Valley, California. The slightly elevated chromium and nickel 

levels might be related to the presence of a suite of accessory minerals derived from igneous 

rocks. By treating dust samples with 1 M HCl overnight and removing dissolved constituents, 

manganese was determined to be mostly associated with the carbonate phases in both dusts, see 

Table 1. The surface areas of both dust samples were high at 26.429 m2/g and 16.335 m2/g (CVD 

and FID, respectively).  

CVD generated 25% the ˙OH and 28% the ˙OH+H2O2 of FID when dispersed in solution 

for 24 hours (Figures 2 and 3). When normalized to surface area these values dropped, with CVD 

having generated 16 % the ˙OH and 17% the ˙OH+H2O2 of FID.  

The initial particle loading utilized for this study was 0.002 m2/mL. This loading was 

chosen for comparison with other inflammatory stress response studies [143]. At the highest 

loading for this particle loading range, the greatest ISR generated by CVD was 159% of the 

control. FID generated an ISR 220% higher than the control. Given that there was no significant 

loss of cell viability the increase in ISR compared to the control was derived by the upregulation 

of ROS. Both of these ISR values were within the range caused by inert glass beads and anatase 
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[143]. Besides the standard particle loading, we also conducted a set of experiments at higher 

loadings to simulate the high exposure burden encountered by personnel in the Middle East 

theater of operations. The ISR resulting from exposure to CVD dust increased to 3,312% of the 

control at a particle loading of 0.05 m2/mL (Figure 4). The ISR generated by FID dust increased 

to 2,433% of the control. The ISR generated by both dust samples generally increased with time 

and was predominately attributed to an upregulation in ROS. The ISR generated by the acid 

treated CVD and FID was 288 and 550% of the control, respectively, both occurring early into 

exposure (20 minutes and 1 hour, respectively). Unlike with the untreated dust samples, the ISR 

was predominately driven by necrotic cellular death.  

For comparison, ISR experiments were performed on glass beads and two NIST soil 

standards using the elevated loading of 0.05 m2/mL. Due to extreme loss of cell viability at the 

0.05 m2/mL loading for both NIST standards, the 0.025 m2/mL loading was used for comparison 

with the dust samples. The ISR generated by the Montana NIST soil was 36,600% of the control 

at the 24 hour time point, progressively increasing with time (Figures 5 and 6). The ISR 

generated by the San Joaquin NIST soil was 2,952% of the control at the eight hour time point, 

and decreased to 1,954% of the control at 24 hours. The ISR values for both NIST soils were 

driven up both cellular ROS upregulation and extreme cell death at the highest particle loadings. 

The ISR generated by the inert glass beads was the highest at 8 hours (280% of the control) and 

exhibited only a small amount of cellular death. The ISR generated by CVD and FID at the lower 

loading of 0.025 m2/mL was 1,967 and 1,412% of the control, respectively (Figure 7 and 8).  

 

7.4. Discussion 

The CVD sample investigated in this study is similar to other dust samples collected 

throughout the Greater Middle East; containing the same characteristic elevation in calcium 

carbonate respective to worldwide dust [212]. The FID, while similar to CVD, is composed of 

higher proportions of silica. Based on this in vitro technique and comparison with other standard 

samples, the dust is considered non-toxic in small doses. However, it must be noted that the 

elevated loading of 0.05 m2/mL generates a loading of 1,982 µg/m3, 20% the PM10 value 

present in a single dust storm [212, 213]. Therefore while this particle loading is elevated relative 

to previous ISR experiments, the total particle burden in the lungs is likely underrepresented.  



98 
 

The soil dust collected at Fort Irwin appears to elicit a stronger cellular response than the 

Iraqi soil dust, but both are far less reactive than the two soil reference materials that were also 

tested. Both the CVD and FID soil show little loss of cell viability. The higher ISR value for FID 

is likely related to the higher ROS formation in experiments with FID. While ROS formation 

upon dispersal in water in cell-free experiments does not always translate to ROS upregulation 

within epithelial cells, it is noted that FID showed a significantly higher production of ROS in 

water compared to CVD. However, the ISR values determined for FID and CVD are lower than 

those determined for either of the NIST soils when the results for the experiments with 0.025 

m2/L loadings are compared (near-complete loss of cell viability in experiments with the 

Montana NIST soil prevents a comparison at 0.05 m2/L loading). For example, CVD dust 

generates an ISR that is twenty fold lower than that measured for the Montana soil (NIST 2710).  

Besides the magnitude of the cellular response to the challenge, it is also useful to 

evaluate the temporal changes in ISR values. Changes in ISR over time provide insight into how 

cells respond to the exposure. For example, although exposure to chalcopyrite (CuFeS2) leads to 

an significant loss of cell viability initially, the cell survival increased over time and the ISR 

values drop [215]. As noted above, the ISR generated by CVD was lower than the NIST soil 

with baseline trace elements (2709), but, unlike this NIST soil, the ISR steadily increased with 

time over 24 hours. This rising response indicates that the inflammation is likely to continue to 

increase, whereas cells challenged with the NIST 2709 manage to adapt to the challenge. 

Furthermore, CVD generates an ISR value that is nearly seven fold that for glass beads at their 

peak ISR value. Therefore, the CVD is not inert and we conclude, on the basis of the 

experiments described here, that the material is considered slightly cytotoxic; on par with the 

average natural dust or soil. It is also noted that while the majority of the ISR is generated by the 

carbonate phases and metals incorporated in carbonates (e.g., manganese), the origin of the ISR 

between the untreated and acid treated material differs. The ISR generated by the untreated dust 

samples is driven by the upregulation of ROS, probably related to the ROS generated by the 

material. Whereas the minimal ISR generated by the acid treated material is driven by cellular 

death, indicating other immunosuppressive properties.  

The small particle size and complex morphology of CVD is likely an important 

contributing factor to the illnesses seen among service personnel. The specific surface area of 

CVD is a factor of 2.5 higher than both NIST reference materials utilized in the present study. 
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The fine particle size could lead to a deeper deposition of the particles in the human lung than 

many other soils or dusts. Furthermore, the particles appear to be aggregated into clumps. It is 

not clear whether this aggregation persists after deposition in the lung. Should the aggregates 

remain intact then many may be too large for phagocytosis. Due to the high PM10 values in the 

Greater Middle East, particle overload likely contributes to the observed illnesses and the small 

particle size of individual particles will exacerbate the disruption of AM-mediated phagocytosis 

and efferocytosis. Furthermore, the porous aggregates may harbor a plethora of bacterial, fungal 

and viral colonies as indicated by other work on Iraqi dust samples [213]. 

While only based on a single sample characteristic of the region, there is nothing unusual 

about the dust in terms of its chemistry, mineralogy, ability to generate ROS upon dispersal in 

water, or induce cellular inflammation or cytotoxicity. Given the highly elevated PM10 and PM2.5 

levels in the Middle East, it is likely that particle overload is the underlying cause for the health 

problems among United States personnel who served in Iraq; consistent with Paracelsus’ 

postulate that the dose makes the poison [216]. 

 

7.5. Conclusions 

The CVD is slightly cytotoxic and generated an ISR that increases with increasing 

particle loading and time. The slight inflammatory nature that exists is likely attributable to the 

carbonate phases and elements associated with the carbonate phases, which includes manganese. 

Its composition, mineralogy and morphology are non-unique and relatively inert. However, 

while it is possible that this dust does not represent the bulk dust present in Iraq, it is likely that 

the high dust exposure, and not the reactivity of the dust itself, is the hazard. 
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Figure 7.1. SEM images of dust samples. Scanning electron microscope images of (a) 
Irradiated Camp Victory, Iraq, dust and (b) Fort Irwin, CA, dust   
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Figure 7.2. ˙OH generated by dust samples. ˙OH generated by Camp Victory, Iraq dust and 
Fort Irwin, CA dust. Concentrations are based on a 24 hour incubation in phosphate buffered 
solution at a pH of 7.4 with APF. Data represented as total ˙OH  formed and also normalized by 
weight and surface area of the particles. 
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Figure 7.3. ˙OH+H2O2 generated by dust samples. ˙OH+H2O2 generated by Camp Victory, 
Iraq dust and Fort Irwin, CA dust. Concentrations based on a 24 hour incubation in phosphate 
buffered solution at a pH of 7.4 with APF and HRP. Data represented as total ˙OH + H2O2 
formed and also normalized by weight and surface area of the particles. 
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Figure 7.4. ISR of A549 cells generated by Camp Victory, Iraq dust sample. The ISR 
generated by Camp Victory, Iraq dust over a range of particle loadings and times points. Inset 
displays the ISR generated by Camp Victory dust at low particle loadings. For some data points, 
the error bars are hidden by the symbols. 
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Figure 7.5. ISR of A549 cells generated by the irradiated and acid treated dust samples.  
ISR generated by the four study materials are represented, with the cell viability for each in the 
inset. (a) Irradiate Camp Victory, Iraq dust, (b) Irradiated Fort Irwin, CA dust, (c) Acid Treated 
Camp Victory, Iraq dust, and (d) Acid Treated Fort Irwin, CA dust. For some data point, the 
error bars are hidden by the symbols. 

 



105 
 

 

Figure 7.6. ISR of A549 cells generated by standard reference material. ISR generated by 
the three reference materials are represented, with the cell viability for each in the inset. (a) Glass 
beads, (b) NIST San Joaquin Valley soil (#2709), and (c) NIST Montana soil (#2710). For some 
data point, the error bars are hidden by the symbols. 
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Figure 7.7. Evolution of ISR over time generated by elevated dust loadings. The temporal 
evolution of the ISR generated by elevated particle loadings (0.025 m2/mL) for Camp Victory 
and Fort Irwin dust samples. Also represented are the dust samples there were treated with acid 
to remove carbonate phases. For some data points, the error bars are hidden by the symbols. 
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Figure 7.8. Evolution of ISR over time generated by elevated standard reference material 
loadings. The temporal evolution of the ISR generated by elevated particle loadings (0.025 
m2/mL) for reference material samples: glass beads, NIST San Joaquin Valley Soil (#2709) and 
NIST Montana Soil (#2710). For some data points, the error bars are hidden by the symbols. 
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Chapter 8 

 

General Conclusions and Future Directions 

 

 

When trying to determine the deleterious nature of a material, be it natural or synthetic, 

experiments must be performed under more complex conditions than is common when using 

traditional geochemical approaches. As is evidenced in Chapter 2, the modification of surface 

properties is possible with the mere addition of phosphate to the reaction media (water) and the 

addition of simple organic acids disrupts hydroxyl radical formation in solution. While the 

principal conclusions pertaining to pyrite’s role in Coal Workers’ Pneumoconiosis may not have 

differed if the experiments were only performed in water, the added clarification of pyrite 

behavior under biological conditions helped increase our understanding of disease etiology.  

 The addition of the inflammatory stress response (ISR) cellular experiments increased 

our understanding of the biological response to contaminants and Fenton metals in particular. It 

had been hypothesized that there would be a linear increase in ISR with increasing particle 

derived reactive oxygen species (ROS) production. However, while overall there is a general 

upward trend in ISR values with increasing particle derived ROS generation (evidenced in 

Chapters 3 and 4), in the end, there is no direct correlation between particle derived ROS 

formation and cellular ISR. There are likely two main reasons for this. If the ISR is lower than 

expected, it is likely that there was a change in the Fenton reaction mechanisms due to the use of 

more complex fluids. If higher than expected, it is likely due to the direct oxidation of 

biomolecules by Fenton metals. For instance, the Fenton reaction mechanism of manganese is 

extremely slow compared to iron and does not generate significant ROS under biologically 

applicable conditions over the course of 24 days (Chapter 6). Given this, no manganese derived 

ROS is expected to form over the 24 hours in which the ISR experiments occur (Chapter 6). 

However, there is significant cellular oxidative stress generated by the manganese species, 

indicating that the ability of manganese to directly oxidize biomolecules exceeds that of iron. 

The direct oxidation of biomolecules also demonstrates the ability of cells to take up manganese 

(and other metals) and cause other forms of dysregulation without direct ROS formation by the 

contaminant species. Given the complexity of the biological response to manganese and iron 
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alone, it can be concluded that experiments in simple aqueous solutions cannot predict the 

potential for a material to generate oxidative stress. 

 The cellular research also highlights the importance of proper normalization and controls. 

Given that cells generate ROS in the absence of a contaminant species, it is important to 

normalize the increase in cellular derived ROS caused by interaction with a contaminant species 

by the baseline cellular ROS formation. This normalized value is referred to as the upregulation 

of ROS. Furthermore, since cells will react to the mere presence of a foreign material, inert 

species are needed to evaluate the toxicity of reactive material. While there is no normalization 

to the cellular response to inert material, it offers an insight into the deleterious nature of other 

materials.    

 Besides highlighting the importance of experimental media complexity, the 

characterization of the materials investigated is emphasized as well. Most notable, due to its 

significant effect on particle reactivity and the generation of oxidative stress, is the oxidation 

state of the metals in mineral species. Evidenced with iron, manganese and copper, Fenton 

metals in their reduced state generate more ROS and also generate greater ISR values than when 

in their oxidized state. While Fenton chemistry is cyclic, the environment in the body is, for the 

most part oxidizing which limits the metals from returning to their reduced state. Apart from 

stability, which also relates to mineral structure, this explains why species containing trivalent 

iron do not generate an ISR. However, if phagocytosis occurs, the low pH of the lysosomal fluid 

would allow for a reducing environment which may lead to the formation of ROS.  

While the reactivity of Fenton metals and their ability to generate stress in the body has 

long been studied, the possible exacerbation of this stress through synergistic behavior between 

Fenton metals has not. The natural and synthetic mixed and single metal mineral species 

examined generated interesting but inconclusive results. However, the importance of mineral 

structure is highlighted in a number of ways. The initial findings indicate there may be increased 

toxicity associated with copper and iron together. Nonetheless, the likelihood of surface defects 

on chalcopyrite and, and possibly bornite, and resulting particle derived ROS may have a greater 

effect on the high ISR values for these species than the presence of the two metals alone.  

In a different way, the systematic investigation into the role of coupled manganese and 

iron has also been inconclusive. The experiments were performed with metal salts, manganese 

substituted goethite and hausmannite. Based on the results (Chapter 6), the role of particle 
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structure seems to be more important than the interactions between these two metals. While the 

iron in the pure goethite is stable and unreactive, the mineral structure allows for the prolonged 

stability of the highly reactive trivalent manganese, which is the driver for an increased ISR. 

Whereas, in salt solutions the toxicity of the ferrous iron dominates and there are no observable 

additive effects of divalent manganese. Although divalent manganese is less reactive, perhaps 

using a ferrous iron mineral species, such as siderite, would help clarify any synergistic behavior 

between the two metals. Additionally, experiments in which the divalent and trivalent mineral 

species are combined might help resolve the problem.  

Though progressive, the research in this dissertation only represents the initial steps in 

investigating biological responses to geochemical processes. In order to allow for a more 

accurate assessment of toxicity, exposure experiments need to be performed on a wider range of 

cells (e.g. primary epithelial and macrophages) and on tissue samples (e.g. lung tissue of mice). 

The ISR method, while offering an immediate and short term assessment of a materials potential 

for generating oxidative stress in epithelial cells, is limited by time and relative lack of 

complexity. By performing ex vivo exposure experiments, not only can numerous exposure 

periods be evaluated but a more holistic biological response to a contaminant can be determined.  

Apart from diversifying the exposure medium, more markers of inflammation and 

toxicity should be used. Lipid peroxidation experiments would complement the ISR experiments 

by helping to clarify the role of geomaterial (directly or indirectly) induced ROS in toxicity 

(Figure 8.1). For example, the presence of elevated RNS in the lungs has been implicated in 

COPD and their presence in exposure studies may indicate a deleterious material [1]. 

Additionally, the use of long standing toxicology and pharmacology techniques such as Immuno 

Blot Analysis and RT-PCR should be utilized in order to determine protein and DNA damage, 

respectively. Not only can overall protein damage be determined through Western Blot Analysis, 

specific proteins can be targeted which can help elucidate the origin of toxicity.  

 Finally, the investigation into the origin of geomaterial derived toxicity also should be 

examined. If the pathway to inflammation can be understood, perhaps a better treatment method 

could be determined. In aqueous experiments, catalase or ethanol are used to remove particle 

derived ROS from the solution. However, neither of these approaches is viable for cellular or 

tissue experiments since catalase would limit overall inflammation and ethanol would stress or 

even kill the cells or tissues depending on the concentration. A more viable way to determine 
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how a Fenton metal, or geomaterial, is harming the body could be by the use of a metal chelator, 

such as EDTA, although because it limits ROS production through binding, it may also limit 

direct biomolecule oxidations as well.  
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Figure 8.1. Particle Induced ROS formation. A schematic representing a particle’s ability to 
directly and/or indirectly generate ROS in the body.  
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