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ABSTRACT

Epidemiological studies have linked exposure to elevated levels of airborne 

particulate matter with increased incidences of several types of respiratory disease, 

hospital admissions and morbidity.  Millions of tons of airborne particulate matter are 

generated and released into the atmosphere each year.  However, particulate matter 

resulting from the combustion of fuel oil and coal are of particular concern, because they 

are generally composed of small particles that can easily penetrate deep into the lungs, 

and can contain significant concentrations of toxic transition metals, such as zinc, iron 

and vanadium.  Pulmonary toxicity (i.e. damage caused to lung tissues) of particulate 

matter is currently evaluated via time-consuming in-vivo testing, or via in-vitro testing.  

Compared to in-vivo testing, in-vitro testing offers significant advantages in terms of time 

savings and sample throughput.  Unfortunately, the number of in-vitro testing methods 

are currently very limited, and do not allow a thorough investigation of the mechanisms 

of particulate matter toxicity.

In light of these issues, the goals of the study described here were three-fold: 

• To adapt several in-vitro toxicity assays currently used in other applications to 

use in measuring particulate matter toxicity on lung cell layers;

• To use these adapted assays to quantify the toxicity of numerous types of oil 

and coal ashes with varying particle sizes and transition metal concentrations, 

and;
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• To use the same assays to quantify the toxicities of several transition metals 

found in coal and oil ashes to better understand their relative contributions to 

overall particulate matter toxicity.

Three colorimetric in-vitro assays were chosen for adaptation, and proved 

effective in measuring adverse cellular response to particulate matter exposure.  Particle 

size was shown to have a large effect on the overall cytotoxicity of particulate matter; 

fine (less than 2.5 µm aerodynamic diameter) particles proved substantially more toxic 

than coarse (larger than 2.5 µm aerodynamic diameter) particles.  Dose-response 

experiments measuring the toxic effects of the transition metals zinc, vanadium and iron 

revealed that zinc was the most toxic; a concentration of 0.6 mM caused a 50% drop in 

cellular metabolism, compared to 3 mM and 4 mM for vanadium and iron respectively.
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1. INTRODUCTION

1.1 Problem Statement

Millions of tons of solid fine particulate matter (PM) are released into the 

atmosphere each year.  The sources of this particulate matter are diverse.  Some types of 

PM are released on a relatively continuous basis, such as emissions from power plants 

and automobile exhaust, while others result from discrete events, such as volcanic 

eruptions or the World Trade Center collapse on September 11, 2001.  Of the total mass 

of PM released each year, approximately three million short tons are from anthropogenic 

(i.e. man-made) sources.  These include the ash by-products of the combustion of various 

types of fossil fuels, such as petroleum, fuel oil and coal.  

Epidemiological studies have indicated that inhalation of high levels of certain 

types of airborne PM may cause pulmonary injury. Increased incidences of such 

pulmonary disorders as emphysema, chronic bronchitis, and asthma, and even increased 

mortality, have been positively correlated with elevated PM inhalation exposure (Koenig 

et al., 1993; Burnett et al., 1995; Pope et al., 1995; Schwartz and Morris, 1995).  On the 

tissue and cellular level, PM deposition in airway tissue can result in pulmonary 

inflammation, epithelial cell damage, and increased epithelial permeability (Fabbri et al., 

1984).

Different types of PM differ dramatically in their ability to cause pulmonary 

injury.  Two characteristics of particulate matter largely determine their potential 

pulmonary toxicity: particle size and chemical composition.  
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Particle Size

For a particle to cause injury to the lung tissues, it must first be able to enter the 

body via inhalation and deposit on the tissues for some period of time.  From an 

engineering standpoint, the lung can be thought of as a multistage filter.  The size of a 

particle, usually represented in terms of its diameter in microns, determines whether or 

not it can enter the lung during inhalation, and, if so, how far into the lung it can 

penetrate.  Large particles are generally caught in the nose hairs before they are able to 

penetrate into the lungs.  Additionally, the lung airways branch and reduce in size as they 

penetrate deeper into the lung.  (A more thorough description of lung structure is 

presented in Appendix F).  Many particles that are small enough to enter through the nose 

are subsequently deposited somewhere in this airway network; the smaller the particle, 

the deeper they are able to penetrate into the lung.   

Because of the recognized importance of particle size on potential toxicity, 

several systems of size categories have been devised to better differentiate between 

different types of PM.  In 1997, recognizing the importance of particle size on PM 

toxicity, the Environmental Protection Agency developed new standards for particulate 

matter with particle diameters less than 10 µm (PM10), termed “coarse”, and for 

particulate matter with particle diameters less than 2.5 µm (PM2.5), termed “fine”.  

Coarse and fine particulates generally originate from different types of sources.  For 

example, coarse particles are often generated from physical degradation of solid 

materials, such as rock crushing and grinding operations, soil dust from agricultural 

operations, and dust generated from construction or road repair.  In contrast, fine particles 
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are more often generated from combustion activities, such as automobile and power plant 

emissions of fossil fuel combustion ashes.  Research has shown that PM10 causes 

significantly greater injury than larger particles (Dockery and Pope, 1994; Smith et al., 

2000), but exposure to PM2.5 correlates even more closely with respiratory diseases than 

does PM10 (U.S. EPA, 1996).

The EPA standards are widely cited for regulatory purposes, but are not the most 

descriptive in terms of lung penetration and potential health effects.  For this purpose, a 

more descriptive system is that of the American Conference of Governmental Industrial 

Hygenists (ACGIH).  This system uses three descriptive terms to rank the toxicity 

potential of PM of a particular size.  “Inhalable” particles are those particles with a 

diameter of 100 µm or less that are able to penetrate the nose, but most of which will 

settle and deposit in the trachea before they are able to penetrate into the lungs.  The 

second term, “thoracic”, describes particles that are 10 µm in diameter or less.  These 

particles can pass beyond the trachea and into the lungs, but most of them settle and are 

deposited in bronchii or bronchioles, the branching airways that penetrate into the air 

sacs.  Particles that deposit in the trachea, bronchii, or bronchioles can cause some 

respiratory distress, such as exacerbating asthma, but are generally removed from the 

body rather quickly via a system called the “mucus escalator”.  In this process, deposited 

particles are deposited in the mucus lining the airways, and are carried back up to the 

mouth where they are coughed up or swallowed.  The most troublesome of the ACGIH 

categories is “respirable”, which they define as 4 µm in diameter or less.  These particles 

can penetrate all the way into the alveoli, or air sacs or the lung, where gas transfer takes 
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place.  By depositing on the inner lining of the alveoli, respirable particles can induce 

injury in the tissues responsible for oxygen-carbon dioxide exchange, and are therefore 

responsible for most of the PM-induced respiratory ailments mentioned above.  The very 

smallest particles, those below 0.1 µm in diameter, can easily penetrate into the alveoli, 

but are not believed to settle to any significant extent, and are therefore exhaled back out 

of the body.  

Chemical Composition

Airborne PM is a complex mixture of organic and inorganic materials, such as 

both bound and soluble metals.  The chemical composition of particulate matter is a 

function of both its source material and the mechanism by which it was formed.  For 

particles that were formed by simple physical degradation, such as dust from soil erosion 

or rock crushing, the composition is identical to that of the source material.  However, for 

particulate matter that has undergone a chemical change, such as combustion, its 

chemical composition can be quite different than its source material.  For example, 

particles resulting from coal or oil combustion, particularly those formed by a process 

called nucleation, generally have much higher levels of transition metals, such as iron, 

zinc and vanadium (a more thorough description of PM formation mechanisms is 

presented in Appendix E).  

Of the different components of PM, metals such as iron, zinc and vanadium, 

particularly in water-soluble form, are of particular concern, and in some studies have 

been found to be responsible for the bulk of overall PM toxicity (Carter et al., 1997; 
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Kodavanti et al. 1998).  Airway exposure to some of the metals found in many PM’s has 

been implicated in the onset of particular diseases.  For example, zinc exposure has been 

linked to metal-fume fever, and was suggested as an exacerbator of asthma (Armstrong et 

al., 1983; Mueller and Seger, 1985).  Iron exposure has been positively correlated with 

interstitial lung disorders such as pneumoconioses (Brooks, 1981; Rom, 1983), and 

vanadium exposure has been linked with acute tracheobronchitis (Lees, 1980; Levy, 

1984). 

Although all of the metals mentioned above can cause tissue injury, they do not 

all do so via the same biological mechanism.  For example, the mechanisms of iron and 

vanadium toxicity are likely related to their ability to undergo oxidation-reduction 

reactions, thereby forming toxic reactive oxygen species (Slater, 1984; Halliwell and 

Gutteridge, 1986).  During this process, molecules such as the hydroxyl radical are 

formed.  This radical contains an unpaired electron, and is therefore highly reactive.  

Such reactive oxygen species, or “free radicals”, will remove a hydrogen atom from 

carbon atoms in biological molecules, such as DNA or the lipids that comprise cell 

membranes.  This leaves the carbon with an unpaired electron, and a chain reaction often 

ensues, which can damage the molecule significantly. 

The ability for a metal to generate reactive oxygen species relies on its ability to 

exist at multiple valance states.  However, zinc is unable to switch between multiple 

valence states, which indicates that a different mechanism is responsible for its 

cytotoxicity.  Although this mechanism is not well understood, one possibility is that high 

zinc doses may interfere with the coenzyme function of zinc or other essential ions 
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(Vouk, 1986).  Decreases in protein metabolism have been observed in lung cell lines 

exposed to zinc, which may also provide insight into the mechanism of zinc toxicity 

(Walther and Forth, 1999).  On the positive side, zinc appears to have a protective effect 

against cadmium toxicity (Hurna and Hurna, 1998).

As mentioned previously, the types and sources of fine particulate matter are 

diverse, and vary substantially in their potential pulmonary toxicity.  Of these, 

anthropogenic fossil fuel combustion emissions, such as residual oil fly ash and coal ash, 

have been the subjects of greater concern than more ubiquitous particulate types, such as 

fugitive dusts from agricultural operations and roads.  This is because such fossil fuel-

derived ashes generally have small aerodynamic diameters (<2.5 µm) and are therefore 

easily respirable (Houck et al., 1990), and generally contain relatively high levels of 

soluble metals (Linn et al., 1989).  Both of these characteristics exacerbate the potential 

respiratory toxicity of coal and oil combustion ashes, and make them important subjects 

for continued research.

Adverse health effects due to airborne PM exposure have recently become the 

topic of greater public health concern, and therefore of increased medical research (Ball 

et al., 2000; Kodavanti et al., 1998).  Research on PM-induced pulmonary disease seeks 

to answer several questions, such as:

• What effects do PM characteristics, such as particle size and chemical 

composition, have on toxicity?

• What component(s) of the PM particles (i.e. organic matter, insoluble metals, 

soluble metals) contribute the most to PM toxicity?
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• What PM exposure levels and exposure durations cause observable toxic 

effects?

• What biological mechanisms are responsible for these toxic effects? 

Experiments performed to answer these questions generally involve exposing a living 

biological system to the PM under investigation, waiting for a specified time, and 

evaluating toxicity via one or a combination of metrics.  These experiments can be 

divided into two broad categories: in-vivo experiments, in which a whole living test 

animal is exposed, and in-vitro experiments, in which ex-vivo cultured cells are exposed, 

serving as a simple model of a whole animal.  Both in-vivo and in- vitro experimentation 

have distinct advantages as well as drawbacks.

In in-vivo experimentation, the airways of test animals such as rats or mice are 

exposed to PM via either intratracheal instillation (Gavett et al., 1997), or inhalation 

(Fernandez et al., 2001).  In intratracheal instillation, PM is mixed with a saline solution 

and injected into the trachea of the test animal.  In inhalation exposure, the test animal is 

exposed to a PM-containing airstream and inhales the PM normally.  After the desired 

exposure period, the test animals are generally euthanized, and PM-induced pulmonary 

distress is measured via various means.  Most commonly, the animal’s lungs are lavaged 

(i.e. rinsed with a saline solution), and the resulting solution extracted.  This lavage fluid 

may then be analyzed to quantify total proteins or the enzyme lactate dehydrogenase 

(LDH), or to count the number of white blood cells, macrophages or detached epithelial 

cells.  Significantly elevated levels of any of these compared to the levels in the lavage 

fluid of a control animal indicate lung injury.  Lung damage can sometimes also be 
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observed as tissue perforations or increased permeability via scanning electron 

microscopy. 

The most significant advantage of in-vivo testing is that it provides whole-animal 

toxicity information, which is generally more compelling than information from a 

simplified in-vitro model.  In addition, in-vivo testing allows the researcher to evaluate 

the toxic effects of PM exposure on several biological structural levels, from whole-

organism effects (e.g. morbidity, lethargy) to cellular effects (e.g. cell death).  However, 

the compelling, multi-faceted toxicity information provided by in-vivo experimentation 

requires large investments in time, space and skilled labor.  Caring for test animals, both 

prior to and during experimentation, is time consuming and sometimes lasts for several 

months, and the surgery required during the toxicity evaluation steps is intricate, tedious 

work that must be performed by a skilled technician.  In-vivo testing is therefore severely 

limited in the amount of toxicity data it can generate in a short period of time.

In-vitro testing offers an alternative to live-animal testing with essentially the 

opposite advantages and disadvantages.  Instead of whole animals, ex-vivo animal cells 

grown in liquid culture medium are used as test subjects.  These cells are exposed to the 

PM of interest at a desired dose for a desired period, and PM-induced cytotoxicity is then 

measured.  The most conclusive advantage of in-vitro testing over in-vivo testing is its 

ability to generate large amounts of toxicity information quickly, with more replication, 

and with less tedious technician labor.  For example, cells are routinely grown in 96-well 

plates (12 wells X 8 wells), which allows 12 different exposure treatments (for example, 

10 experimental treatments and 2 controls), with 8 replicates each.  Such a plate can be 
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seeded with cells, exposed and evaluated in a few days, and would likely require 

approximately twelve to fifteen hours of technician labor.   A comparable in- vivo 

experiment involving 96 rats would likely require thousands of hours of intricate surgery, 

lavage and assaying, which would be a daunting task for most laboratories.  Another 

benefit of in-vitro testing is that it allows the researcher to investigate the effects of PM 

exposure on individual cell types, which can often be hard to discern in whole-animal 

subjects.  However, since in-vitro cell models represent substantial simplifications of 

whole animals, in-vitro toxicity findings are generally less authoritative than their in-vivo 

counterparts.  Also, and significantly, the pool of metrics used to evaluate PM-induced 

toxicity in vitro needs to be expanded.  The most common PM-toxicity metric seems to 

be the release of inflammatory cytokines (Carter et al., 1997; Adamson et al., 2000; Ball 

et al., 2000).  These intercellular chemical signals are hyperproduced by certain cell types 

during cell stress, and their extracellular concentrations in the liquid culture medium can 

sometimes be correlated with PM cytotoxicity.  Inflammatory cytokines such as 

interleukin (IL)-6, IL-8 and tumor necrosis factor (TNF), are usually measured via an 

Enzyme-Linked ImmunoSorbent Assays (ELISA’s).  These assays are usually sensitive 

and informative, but are generally quite expensive and time-consuming to run, and a 

separate assay is usually required for each cytokine.  In-vitro PM toxicity is also often 

quantified by measuring the extracellular concentration of the enzyme lactate 

dehydrogenase (LDH).  This enzyme is released by cells after their death and the rupture 

of their cell membranes.  Elevated levels of LDH in a PM-exposed cell culture ostensibly 

indicates a severe toxic effect.  However, some studies in the literature suggest that LDH 
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concentration is a relatively insensitive cytotoxicity metric, likely because cell rupture 

represents the most extreme manifestation of cellular trauma.  Overall, for in-vitro 

evaluation of PM toxicity to be more efficient and informative, additional assays are 

needed that provide both sensitivity (i.e. can identify small differences in cellular 

response to different PM exposures), and rapid throughput (i.e. the ability to evaluate 

numerous PM samples with several replicates in a short period of time). 

In summary, some of the main problems relating to airborne PM are:

• Inhalation exposure to elevated levels of certain types of PM have been linked to 

increased incidences of several types of respiratory disease and morbidity;

• The contributions to pulmonary toxicity of particle characteristics such as particle 

size and chemical composition, particularly concentrations of leachable transition 

metals, needs additional study;

• In-vivo (i.e. live animal) testing of PM toxicity is expensive and time consuming, 

and is incapable of evaluating a large number of PM samples in a short time;

• The number and variety of in-vitro assays currently in use to evaluate PM toxicity 

are limited, which limits the efficacy of in-vitro testing as an alternative to in-vivo 

experimentation.

1.2 Literature Review

Research has been performed by several groups to evaluate the toxicity of 

different types of airborne particulate matter, as well as the toxicities of individual 
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transition metals often found in fossil fuel-combustion ashes.  These studies can be 

separated into in-vivo studies, or those performed using live animals as test subjects, and 

in-vitro studies, or those using mammalian cell cultures as test subjects.

1.2.1 In-vivo Studies

Gavett et al. (1997) evaluated the effects of different concentrations of transition 

metals on pulmonary toxicity.  In this study, the toxicities of two different types of 

residual oil-fly ash were compared.  Although both types of ash were PM2.5, they had 

different concentrations of several transition metals, as well as sulfate.  Specifically, the 

first type of ash (R1) contained twice the sulfate, nickel and vanadium, and 40 times as 

much iron as the second ash type (R2), whereas the R2 zinc concentration was 31 times 

that of R1.  Both R1 and R2 were mixed with saline solution and instilled (i.e. injected 

via syringe into the airway) of Sprague-Dawley rats.  Within 4 days after instillation, 4 of 

the rats that had been instilled with ash type R2 had died, whereas none of the R1 or 

control rats had died.  In the remaining living rats, greater pulmonary inflammation was 

observed in rats that had been instilled with R2 than in those that had been instilled with 

R1.  These results suggest that transition metal concentrations can have significant effects 

on PM toxicity, and that of these transition metals, zinc could be a particularly bad actor.  

Also using Sprague-Dawley rats as test subjects, Dreher et al. (1997) investigated 

the relative contributions of various PM components to overall pulmonary toxicity.  A 

residual oil fly ash of respirable size (with a mean particle diameter of 1.95 µm), which 

contained substantial concentrations of transition metals such as iron, vanadium and 
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nickel, was introduced to the airways of the rats via intratracheal instillation.  To 

quantitate the relative contributions of the various components of the whole PM, other 

exposure treatments were evaluated as well.  These treatments included ash leachate, 

which contained only the soluble components of the ash, and washed ash, which 

contained only the insoluble components of the ash after leaching.  Some of the rats 

exposed to each treatment and control rats (i.e. instilled with saline solution only) were 

evaluated 24 hours after exposure, and others 96 hours after exposure.  Analysis of the 

broncheoalveolar lavage (BAL) fluid identified highly elevated levels of protein in the 

fluids of the rats exposed to the whole ash and the soluble portion of the ash only, but no 

significant elevation in those rats exposed to the insoluble fraction of the ash.  Compared 

to the 24-hour post- exposure rats, the BAL protein levels in the 96-hour rats were 

significantly reduced, though they remained elevated as compared to the control rats.  In 

an additional experiment, Dreher et al. found that a solution containing only iron, 

vanadium and nickel in the concentrations found in the ash leachate evaluated earlier 

largely reproduced the lung injury observed from the whole ash.  These results strengthen 

the case that the soluble portion of PM, and in particular certain transition metals, are 

responsible for the bulk of PM-induced pulmonary injury.

In a similar study, Kodavanti et al. (1998) generated and collected several types of 

oil fly ash in the respirable range (<3.0 µm in particle diameter), characterized their 

concentrations of several transition metals, and instilled them into the airways of rats.  

After 24 hours, BAL fluid was collected and analyzed via several different metrics, 

including overall protein level and neutrophil (a type of white blood cell) count, elevated 
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levels of which indicate the body’s response to lung injury.  This study identified a good 

correlation between an oil fly ash’s water-leachable nickel concentration and elevated 

BAL protein, and between oil fly ash’s water-leachable vanadium concentration and 

neutrophil response.  These findings suggest that differences in PM transition metal 

concentrations can influence not only the degree but also the mechanisms of lung injury.

In-vivo testing has also been used to evaluate the potential health effects of 

supplementing standard fossil fuels with non-traditional fuels.  Specifically, Fernandez et 

al. (2001) compared the toxicities of normal coal ash and the ash of coal supplemented 

with municipal sewage sludge (MSS) prior to combustion.  This supplementation had 

been touted as an environmentally benign “green fuel”.  However, in a study using mice 

exposed to both pure coal ash and the ash of coal supplemented with 20% MSS via 

inhalation (i.e. the mice were exposed to airstreams containing the ash and inhaled them 

normally), MSS-supplemented ash was found to be much more toxic than pure-coal ash.  

Analyses of dissected lungs of both treatment groups showed that MSS-exposed lung 

tissues were more permeable than pure coal-exposed tissues, indicating tissue perforation 

damage that was also visible via scanning electron microscopy.  This study illustrates the 

potential significance of combustion fuel source and composition on fly ash pulmonary 

toxicity.

1.2.2 In-vitro Studies

In-vitro experimentation allows the researcher to investigate the effects of a toxic 

substance on a particular cell type, which can provide greater insight into the isolated 
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response an individual tissue of interest.  Taking advantage of this benefit, research 

groups have used in-vitro cultures of various types of cells as test subjects in analyzing 

the toxicities of several types of airborne particulate matter, as well as the relative 

toxicities of metals commonly found in fossil fuel combustion ashes.

For example, using human lung epithelial cells as a test subject, Smith et al. 

(2000) compared the toxicities of coal fly ashes from Utah, Illinois and North Dakota.  

Each of the three types of coal was burned, and the resulting ashes were divided into four 

size fractions: < 1 µm, 1 - 2.5 µm, 2.5 – 10 µm, and > 10 µm.  The toxicity of each 

resulting ash was quantified via an ELISA measuring interleukin-8 (IL-8), a cytokine 

released by stressed cells that contributes to inflammation.  These experiments found that 

both coal type and size fraction had significant effects on toxicity:  The Utah coal ash 

induced greater IL-8 release than the others, and of the Utah ash size fractions, the 

smallest particles (< 1 µm) induced the greatest inflammatory response.  By correlating 

the concentrations of soluble metals within the coal ash to IL-8 release, Smith et al. also 

found that soluble iron was the primary cause of overall coal ash toxicity.

Carter et al. (1997), also using human lung epithelial cells, evaluated the ability of 

oil fly ash to increase the expression of three inflammatory cytokines: IL-6, IL-8, and 

tumor necrosis factor alpha (TNFα).  Ash exposures were performed at three doses plus a 

control, and for two exposure times: 2 hours and 24 hours.  Significantly elevated levels 

of all three inflammatory cytokines were observed at the two highest exposure levels (50 

and 200 µg/mL), especially after 24 hours.  In addition, separate cell exposures to 

vanadium, iron and nickel were performed at concentrations that mimicked the metal 
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concentrations of the PM used above.  None of the iron or nickel concentrations induced 

significant increases in either IL-6 or IL-8 expression; however, vanadium exposure 

induced increases in these cytokines to an extent similar to the whole oil-fly ash.  Since 

several metals are thought to injure tissues by forming free radicals, an additional 

experiment was performed in which dimethylthiourea (DMTU), a free radical scavenger, 

was added to the PM-exposed cells.  The presence of DMTU completely inhibited the

increase in IL-6, and almost all of the increase in IL-8 previously observed in oil fly ash-

exposed cells without DMTU.  These results support the belief that transition metals, in 

this case vanadium, are largely responsible for the inflammation-inducing effect of oil fly 

ash exposure, and that this toxic effect is likely due largely to a mechanism involving the 

formation of free radicals.

Remez et al. (2000) performed dose-response experiments to quantitate the 

toxicities of three metals found in many types of fossil fuel combustion ash: cadmium, 

copper and zinc.  Chick fibroblast cells were exposed to several doses of each metal, and 

the toxicity of each was evaluated using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, a colorimetric assay that correlates exposure 

toxicity with a reduction in cellular metabolism.  Cadmium and zinc were similarly toxic; 

each exhibited a “toxic concentration 50” or TC50 (the metal concentration at which the 

observed cellular metabolic activity is only 50% of unexposed cells) of approximately 10 

µM.  Copper was considerably less toxic, with a TC50 of approximately 100 µM. 

 In another study investigating the toxicity of individual metals, Schmalz et al. 

(1997) used the MTT assay and mouse fibroblast-like cells to quantitate the toxicities of 
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several metals, including zinc, cadmium, copper and nickel.  Cells were also grown in 

culture media supplemented with either 5% or 20% animal blood serum, a culture 

medium additive that provides nutrients and proteins that facilitate cell growth and 

health.  In 5% serum medium, zinc was the most toxic of the four metals listed, with a 

TC50 of 7 µM, followed closely by cadmium at 10 µM, and then by copper and nickel at 

139 µM and 188 µM, respectively.  However, TC50’s measured for cells grown in 20% 

serum were quite different.  For zinc, cadmium and nickel, 20%-serum TC50’s were 

substantially higher, namely 23 µM, 32 µM, and 693 µM, respectively, whereas for 

copper it was substantially lower, namely 32 µM.  These results suggest that these metals 

react with one or several of the components of animal blood serum to either diminish or 

exacerbate their toxic effects, and emphasize the importance of consistent, well 

understood experimental conditions in performing toxicity evaluations.

1.3 Project Objectives

The overall goal of this project can be separated into three interrelated objectives, 

presented here in chronological order: 

1. To adapt several established cytotoxicity assays to use in PM-toxicity analysis, and to 

evaluate their sensitivity and repeatability;

2. To evaluate the dose-dependent and time-dependent toxicity of various fossil-fuel 

combustion ashes of varying chemical composition and particle size; and

3. To quantitatively analyze the toxicity of several of the leachable transition metals 

prevalent in fossil fuel-derived PM.
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Objective 1: Cytotoxicity Assay Adaptation and Evaluation

As previously discussed, PM-induced toxicity is a complex process involving 

several mechanisms.  To better characterize the different means by which PM exposure 

causes injury in vitro, several cytotoxicity metrics and assays are needed, but only a small 

number have been developed and used by previous groups.  However, there are numerous 

cytotoxicity assays being routinely used for purposes such as drug development that are 

potentially useful in PM toxicity evaluation.  In this initial stage of this study, several pre-

existing cytotoxicity assays were selected, were adapted for use in PM toxicity 

quantification, and were compared.  The primary criterion used to select cytotoxicity 

assays for adaptation and evaluation was the ability to generate accurate, repeatable 

results.  Other secondary criteria were:

• Protocol simplicity

• Required equipment availability

• Suitability for use with adherent cells

Based on these criteria, three colorimetric assays were chosen for initial testing: the 

Sulforhodamine B (SRB) assay, the Janus Green assay, and the 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay.  As colorimetric assays, these three 

assays relate cytotoxicity with the intensity of a color generated in the exposed cell 

culture wells.  For all three assays chosen, color intensity is directly correlated with 

viable cell number, and therefore inversely correlated with the cytotoxicity of the PM 

under analysis.  The SRB and Janus Green assays are similar in that, in both, a particular 
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component of the cells is stained, this stain is eluted in a solvent, and the intensity of the 

resulting stain color is measured photometrically.  In the SRB assay, proteins on the 

surface of the cells are stained pink, and in the Janus Green assay, cell mitochondria are 

stained blue.  Both of these assays quantify cytotoxicity as the extent to which the toxin 

being tested inhibits cell proliferation.  In experiments using these assays, cells are 

exposed to the toxic treatments while in exponential (i.e. rapidly proliferating) phase, 

incubated for the desired duration and assayed.  Toxic treatments result in reduced cell 

densities compared to control cultures, which are observed as less cell-component 

staining and less intense color development.  

The MTT assay performs somewhat differently than the SRB and Janus Green 

assays.  Instead of acting as a cellular stain, this assay measures cellular metabolic 

activity and correlates it to viable cell density.  In viable, metabolically active cells, 

yellow soluble MTT is metabolized into a blue crystalline product called formazan.  After 

an incubation of approximately two hours, this crystalline product is dissolved and the 

intensity of the blue color is measured photometrically.  Experimental treatment wells 

that yield weak formazan signals indicate toxin-induced metabolic shutdown, and most 

likely cell death.  Like the SRB and Janus Green assays, the MTT assay is typically used 

as a cell growth-inhibition assay, in which exponential-phase cell cultures are exposed.  

However, since the MTT assay can discern metabolically active and inactive cells, this 

assay also has the potential to be effective in measuring toxic effects on confluent 

monolayers (i.e. cell layers one cell deep that entirely cover a surface) of cells.  This 

feature is attractive because a confluent layer of cells more closely mimics the in-vivo 
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structure of the alveolar air interface upon which respired PM is deposited, and may yield 

different types of toxicity information than the exponential growth-phase cell model.

For all three cytotoxicity assays, protocols published in the literature were first 

evaluated and adapted as necessary for use with PM analysis.  However, the 

characteristics of PM necessitated some amendments to these established protocols.  One 

complication presented by PM toxicity studies is that PM is largely insoluble and opaque, 

and can interfere with colorimetric measurement by absorbing some of the light 

transmitted through the wells.  This required a protocol adaptation to either remove or 

somehow adjust for insoluble PM content.  The performances of the assays were then 

compared, particularly in terms of sensitivity (i.e. ability to discern small toxic effects 

and differentiate between similar effects), and repeatability.  The cytotoxicity of several 

PM types were quantified by comparing the mean metric value (i.e. viable cell number) 

for the exposed column of wells to the mean value observed for the control column on the 

plate.  PM cytotoxicity was therefore reported as relative values.    

Objective 2: Particulate Matter Cytotoxicity Analysis

When the three colorimetric assays had been adapted and tested sufficiently to 

provide good results, they were used to measure the toxicity of several types of PM in 

various ways.  Dr. Jost Wendt of the Chemical and Environmental Engineering 

Department at the University of Arizona provided our group with approximately twenty 

different types of fossil fuel combustion ash for use in our in-vitro cytotoxicity studies.  
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These included coal ashes from both Germany and Ohio, and numerous types of residual 

oil-fly ash (ROFA) produced by the Environmental Protection Agency laboratories in 

Research Triangle Park, NC.  The ROFA PM’s were produced by burning various fuel 

oils (#5 and #6), with varying sulfur levels, and the resulting ashes have been divided into 

coarse (> PM2.5) and fine (PM2.5) fractions.  In addition, several of these ROFA’s had 

already been quantitaively analyzed via atomic absorption, and their chemical 

compositions were known.  Using the SRB, Janus Green and MTT assays, the 

cytotoxicity of each of these PM’s was quantified, which allowed for several informative 

comparisons:

• Coal ash vs. ROFA toxicity

• #5 fuel oil ash vs. #6 fuel oil ash toxicity

• High sulfur ash vs. low sulfur ash toxicity

• Coarse particle vs. fine particle toxicity

In addition, these experiments allowed correlations between the PM concentration of 

individual metals (e.g. zinc, iron and vanadium) and cytotoxicity to be investigated.

The experiments described above involved measuring PM toxicity at one 

exposure level for one specified period of time.  However, to better understand the nature 

of PM toxicity, two additional types of experiments were undertaken: dose-response 

studies and time- course studies.  In dose-response studies, cells were exposed to an 

individual type of PM at several concentrations, for example covering a range from 25 

µg/mL to 500 µg/mL of culture medium.  These experiments provided information about 

the PM exposure level at which toxicity becomes apparent, as well as the exposure level 
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at which the viable cell density is 50% of the control value (often referred to as TC50).  

In time-course studies, cells were exposed to a particular PM at only one exposure level, 

but cytotoxicity was measured after several different exposure durations, for example 

covering a range of 2 hours to 72 hours.  This type of study provided information about 

the onset of PM toxicity, and identified differences in the temporal behavior of different 

types of PM.

Objective 3: Transition Metal Toxicity Analysis

As previously described, leachable transition metals such as zinc, iron and 

vanadium, as well as leachable sulfur, have been suggested as significant contributors to 

PM toxicity.  Also, sulfur has been suggested as a possible effector of metal toxicity.  To 

investigate these claims further, confluent monolayers of lung cells were exposed to 

various levels of these four compounds, dose response curves were generated, and 

TC50’s were calculated.  In addition, dose-response curves for zinc, iron and vanadium 

were generated at two different sulfur concentrations, and these toxic behaviors compared 

to the metal-only curves.  These experiments were performed to identify which of these 

common PM transition metals are the most toxic, and therefore are most likely to 

contribute significantly to whole PM toxicity, and to show whether or not sulfur has a 

toxicity-mediating effect on any of the metals.
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1.4  Dissertation format

1.4.1 Contribution Paper 1: Impact of the Composition of Combustion Generated Fine 

Particles on Epithelial Cell Toxicity: Influences of Metals and Metabolism

This paper primarily addresses the first two objectives of the study by describing 

the adapted protocols for three colorimetric assays, and using them to compare the 

toxicities of several coal and oil ashes of different origins and characteristics.  

Specifically, this paper:

• Details the amended protocols of the SRB, Janus Green and MTT assays;

• Provides dose-response comparisons of Ohio coal ash and German coal ash toxicity;

• Illustrates the single-dose effects of various types of oil ash, representing multiple 

particle size fractions and chemical compositions;

• Correlates observed PM toxicity with zinc, iron and vanadium concentration; and 

• Provides time-response comparisons of the relative toxicities of Ohio and German 

coal ashes and numerous types of oil ash at numerous points over a 24-hour period.

1.4.2 Contribution Paper 2: In-vitro Alveolar Cytotoxicity of Soluble Components of 

Airborne Particulate Matter: Inhibition of Cell Metabolism by Transition Metals 

and Sulfate

This paper primarily addresses the third objective of the study, namely to evaluate 

the toxicity of particular transition metals found in fossil- fuel combustion ashes and 

sulfate.  In addition, this paper discusses the effects of cell culture medium composition 

on observed metal toxicity using the MTT assay.  More specifically, this paper:
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• Describes the adapted protocol for the MTT assay for use with confluent monolayers 

of lung cells;

• Provides dose-response curves for zinc, iron and vanadium over the broad range of 

.001 mM to 10 mM of each metal;

• Identifies the metal concentration at which a 50% reduction in cellular metabolism as 

compared to a control (toxic concentration 50, or TC50) occurs for each of these three 

metals;

• Illustrates the effect of the concentration of animal blood serum, a common additive 

to cell culture medium, on the toxicity of each of the three metals;

• Provides zinc dose-curves in six cell culture medium conditions representing different 

concentrations of animal blood serum and albumin, the most prevalent protein in 

animal blood serum; and

• Provides a dose-response curve for sulfate by itself, as well as dose-response curves 

for zinc combined with two different sulfate concentrations.

1.4.3 Appendix C: Colorimetric Assay Adaptation and Particulate Matter Toxicity 

Evaluation

This appendix discusses the troubleshooting performed in adapting the in-vitro 

model to use in PM evaluation, and presents PM toxicity results not presented in 

contribution paper 1.  Specifically, this appendix:

• Discusses iterative enhancements applied to the cell-growth and PM-exposure 

protocols to improve the repeatability of experimental results;
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• Describes and correlates the three colorimetric assays that were adapted and used in 

this study;

• Presents additional coal-ash and oil-ash toxicity results, including both dose-response 

results and time-course results as multiple PM exposure levels; and

• Presents experimental results investigating the relative contributions of the soluble 

and insoluble portions of PM to overall PM toxicity.

1.4.4 Relationship Between the Papers

The first paper discusses the adaptation of three colorimetric assays to use in 

evaluating PM toxicity.  Using these assays, various types of PM are evaluated, in single-

dose, dose-response, and time-course studies.  These experiments identify a direct 

relationship between particle size and PM toxicity, with greater toxicity apparent in fine 

oil ash than in coarse oil ash.  In addition, this paper investigates the relationship between 

PM transition metal concentration and toxicity.  

Expanding on the theme of transition metal toxicity, the second paper investigates the 

toxicity of three transition metals found in many types of fossil-fuel combustion ash: iron, 

zinc and vanadium.  In this paper, dose-response curves for these three metals are 

presented, and TC50 values (the metal concentration at which the metabolic activity of 

the metal-exposed cells is one-half of the control cells) are calculated for each.  In 

addition, the toxicity of sulfate, both alone and in combination with iron, zinc and 

vanadium, is evaluated.  This second paper also investigates the effect of albumin, a 



33

protein often present in cell culture medium, on the measurement of metal toxicity, and 

how this confounding effect can be reduced.  

Finally, Appendix C contains information relating to both of the first two papers.  

First, it presents background information on the adaptation of the in-vitro model and 

toxicity assays used in both papers, presents additional PM toxicity results not present in 

the first paper, and investigates the relative roles of soluble components, such as soluble 

transition metals, and the insoluble fraction of PM to overall PM toxicity.



34

2.  PRESENT STUDY

The methods, results, and conclusions of this study are presented in three 

appendices to this thesis.  Two of these appendices (A and B) represent papers that have 

been published in refereed journals.  The third appendix (C) is a collection of research 

findings not included in either of the submitted papers.  The following is a summary of 

these papers.

2.1 Impact of the Composition of Combustion-generated Fine Particles on Epithelial-cell 

Toxicity: Influences of Metals and Metabolism

The primary goal of this paper was to evaluate the contributions of chemical 

composition and particle size to the overall toxicity of airborne particulate matter.  To 

perform this evaluation, several types of particulate matter, all of which were by-products 

of either coal or oil combustion, were selected for analysis.  These PM types represented 

various particle size fractions, source fuel types, and concentrations of transition metals 

such as zinc, iron and vanadium.  To quantify the toxicity of these particulates, in-vitro

rat alveolar epithelial cells were exposed to each PM type.  The toxic effects of these PM 

types were then measured via three colorimetric assays: the SRB assay, the Janus green 

assay, and the MTT assay.

A dose-response experiment was performed to quantify the toxicities of two types 

of coal combustion ash: one produced from an Ohio coal, and one produced from a 

German coal.  The toxicities of the ashes at five exposure levels ranging from 12.5 

µg/mL to 250 µg/mL were related to their abilities to hinder cell growth over 24 hours, 
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and were measured with the SRB assay.  The dose-response curves for the two coal 

ashes, shown in Figure A.1, were similar, with an observed cell-growth inhibition of over 

40% for both types at an exposure level of 12.5 µg/mL, and no significant differences 

between 100 µg/mL and higher exposure levels. 

The relative toxicities of five oil ashes were also evaluated at an exposure level of 

100 µg/mL.  These five ashes represented two different source fuel types (#5 oil and #6 

oil, two common fuel oil types with different chemical compositions), differences in fuel-

oil sulfur content, and two different particle size fractions: coarse (> 2.5 µm in diameter), 

and fine (< 2.5 µm in diameter).  This experiment allowed an analysis of the relative 

contributions of fuel oil type, fuel oil sulfur concentration, and particle size on overall ash 

toxicity.  Toxicity was related to inhibition of cell growth, and was quantified using the 

Janus green assay.  The results, shown in Figure A.2, indicate that particle size has a 

substantial effect on oil-ash toxicity: both of the two fine particles evaluated were more 

toxic than the three coarse particles tested.  Sulfur content of the source oil also made an 

apparent contribution to toxicity; the toxicities of the three coarse ashes varied directly 

with source-oil sulfur concentration.

The relationships between PM transition metal concentrations and PM toxicity 

were also evaluated.  Toxicity results of five PM types were graphed against their 

concentrations of iron, vanadium, and zinc.  The results of these correlations are shown in 

Figures A.3, A.4 and A.5.  As these figures show, PM vanadium and iron concentrations 

correlate well with PM toxicity, with correlation coefficients of 0.83 and 0.89 

respectively.  However, the correlation between PM toxicity and zinc concentration 
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appeared weak, with a correlation coefficient of only 0.18.  

To better understand how coal-ash and oil-ash toxicities develop over time, 

confluent monolayers of epithelial cells (i.e. one-cell-deep layers that cover the entire 

surface on which they are growing and are no longer proliferating) were exposed to 100 

µg/mL of several types of ash.  Toxicity was measured via the MTT assay, which 

measures cellular metabolic activity, at several times between 0 and 24 hours.  Figure A.6 

shows these results for two coal ashes, and Figure A.7 shows the results for four oil 

ashes.  The two coal ashes exhibit similar toxicity profiles over the first 16 hours of 

exposure.  However, after this time, cells exposed to Ohio coal ash seem to have adapted, 

and the toxic effect to have leveled off, whereas the cells exposed to German coal ash 

continue to exhibit decreasing metabolic activity over the entire 24 hour period.  In the 

oil-ash experiment, the observed toxicities of all four PM's were similar over the first 2 

hours.  However, after that time the cells exposed to the three coarse PM's exhibited 

relatively little metabolic inhibition and seem to have adapted somewhat, whereas cells 

exposed to the fine oil ash exhibited a decrease in metabolic activity over the entire 

duration of the experiment.

2.2 In-vitro Alveolar Cytotoxicity of Soluble Components of Airborne Particulate Matter: 

Inhibition of Cell Metabolism by Transition Metals

The paper in Appendix A identified correlations between PM concentrations of 

certain transition metals and observed PM toxicity.  To more thoroughly investigate this 

relationship, the paper in Appendix B analyzed the toxicity of the transition metals zinc, 
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iron and vanadium on rat alveolar epithelial cells.  In addition, this paper reports the 

effects of cell culture conditions, particularly the presence of animal serum in culture 

medium, on observed metal toxicity.  

To compare the toxicities of zinc, iron and vanadium on confluent monolayers of 

rat alveolar epithelial cells, a dose-response experiment was performed.  In this 

experiment, cell layers were exposed to the three metals at five concentrations, from 10-6 

M to 10-2 M of each metal at decade (i.e. ten-fold) increments.  Cells were grown in 

culture medium containing 10% animal serum, and toxicity was related to inhibition of 

cellular metabolism, as measured using the MTT assay.  The results of this experiment 

are shown in Figure B.1.  As the figure illustrates, little toxic effect was observed for 

either vanadium or zinc at concentrations under 10-4 M, although a small toxic effect was 

observed for iron between 10-5 M and 10-4 M.  Large toxic effects developed for zinc and 

vanadium between 10-4 M and 10-3 M.  The metal concentration at which the observed 

metabolic activity of the exposed cells is 50% of the non-exposed cells, called the Toxic 

Concentration 50, or TC50, was also calculated for each of the three metals.  Using this 

metric, zinc was the most toxic of the three, with a TC50 of 0.6 mM.  Compared to zinc, 

vanadium was approximately five times less toxic, with a TC50 of 3 mM, and iron was 

seven times less toxic, with a TC50 of 4 mM.  

The concentration of animal serum in cell culture medium was found to affect the 

toxicity of some, but not all of the metals evaluated.  Figures B.2, B.3 and B.4 present 

dose-response curves for vanadium, iron, and zinc, respectively, in culture medium with 

various concentrations of newborn calf serum (NCS).  As the figures illustrate, NCS 
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concentration made little difference on vanadium and iron toxicities at the metal exposure 

levels tested.  However, at the 0.1 mM exposure level, the effect of serum concentration 

on zinc toxicity was significant.  In culture medium containing no NCS, 0.1 mM zinc 

reduced cell metabolism to 67% of the control metabolic rate, whereas in culture media 

containing 5% and 10% NCS, 92% and 97% of the control metabolic activity were 

retained respectively.

Animal sera, such as NCS, contain many different proteins, but the most prevalent 

of these is albumin.  Albumin is known to bind readily to zinc, and would be expected to 

reduce the concentration of free zinc in the culture medium in zinc-exposure experiments.  

Albumin was therefore considered a likely culprit for causing the observed serum effect 

on zinc toxicity.  To test this theory, and to more thoroughly investigate the overall serum 

effect, zinc dose-response curves were generated for six different culture medium 

conditions.  These culture media included three different serum concentrations (0%, 5% 

and 10%), and three serum-free culture media to which only albumin was added at levels 

that approximated the albumin concentrations of 2% serum, 5% serum, and 10% serum.  

The inclusion of these albumin-only culture media allowed an evaluation of the 

contribution of albumin to the overall serum effect.

The results of this experiment, shown in Figure B.5, illustrate a large serum effect 

on zinc toxicity, particularly at zinc concentrations of 0.1 mM and 0.2 mM.  At 0.1 mM 

zinc, cells in 10% NCS show little toxic effect, and retain 92% of the control metabolic 

activity, whereas the cells in serum-free medium retain only 46% of the control metabolic 

activity at the same zinc concentration.  The serum effect is similar at 0.2 mM zinc.  At 
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both of these zinc concentrations, the toxicities observed in 5% NCS were between those 

observed in 10% NCS and serum-free medium.  Comparisons between observed zinc 

toxicities in serum-containing media and albumin-only media support the hypothesis that 

albumin is largely, and perhaps solely, responsible for the overall serum effect on zinc 

toxicity.  At 0.1 mM and 0.2 mM zinc, the observed toxicities in 10% serum and in the 

albumin-only equivalent of 10% serum were not significantly different.  The zinc TC50 

values for the six culture medium conditions also illustrate both the overall serum effect 

and the albumin contribution: compared to the serum-free TC50 of 0.1 mM zinc, the 

albumin-only 2% serum value was two times higher (0.2 M), the 5% serum and albumin-

only 5% serum values were both three times higher (0.3 mM each), and the 10% serum 

and albumin-only 10% serum values were both four times higher (0.4 mM each).

The experiment presented in Figure B.5 demonstrated the dramatic effect of even 

small concentrations of serum on zinc toxicity.  Since serum is necessary for cells to 

proliferate, all epithelial cells were routinely cultured in 10% NCS prior to metal 

exposure.  However, even if the serum-containing culture medium in which the cells 

grew was removed prior to metal exposure, this removal was likely not complete, and it 

was possible that enough residual serum would remain in the wells to interfere with zinc 

toxicity measurements.  To eliminate this effect, six residual serum-removal protocols 

were devised and compared.  These protocols consisted of combinations of "washes", in 

which serum-free medium was added to the cell layers and immediately removed, and 

"soaks", in which serum-free medium was added to the cells, and the cells incubated for 

some specified amount of time prior to the removal of this medium.  Figure B.6 shows 
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the comparisons of the six protocols (five combinations of washes and soaks, and one in 

which no washes or soaks were performed) for 0.1 mM zinc at three albumin 

concentrations.  As the figure illustrates, the observed toxic effect was less for the "no 

soak" protocol then for several of the wash-soak protocols.  This suggests that significant 

levels of residual serum were present in the "no soak" wells, and that it was removed, 

with varying success, by some combinations of washing and soaking.  Of the serum-

removal protocols evaluated, the protocol consisting of two 30-minute soaks was the only 

one that yielded significantly higher zinc toxicities than the "no-soak" treatment at all 

three albumin concentrations.  This suggests that the "two 30-minute soaks" protocol was 

the most effective in removing residual serum.

2.3 Colorimetric Assay Adaptation and Particulate Matter Toxicity Evaluation

This appendix describes several experimental results not included in the two 

journal papers presented in Appendices A and B.  These results can be divided into three 

categories:

• Evaluations and comparisons of the three colorimetric assays (SRB, Janus green, 

and MTT) that were adapted and used to evaluate particulate matter toxicity in 

this project;

• Coal-ash and oil-ash toxicity results not included in Appendix A; and

• An analysis of the relative contributions of the soluble and insoluble components 

of particulate matter to overall PM toxicity.
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Assay Evaluation and Comparison

As previously discussed, three colorimetric assays were adapted in this project for 

use in evaluating the toxicity of particulate matter in vitro: the SRB assay, the Janus 

Green assay, and the MTT assay.  After protocol adaptation, all three of these assays 

provided repeatable results with small standard deviations.  However, since the three 

assays measured toxicity via different mechanisms, it was unknown whether or not the 

three assays would yield similar results as to the relative toxicities of different particulate 

types.  To evaluate and compare the PM toxicity information provided by the three 

assays, the toxicities of ten different oil and coal ashes were quantified using each of the 

three assays.  The results of this experiment, shown in Figure C.2, show that, with some 

small exceptions, the three assays rank the ten PM types similarly.  To more thoroughly 

evaluate the correlations between PM toxicity results provided by the three assays, Figure 

C.3 shows the MTT assay absorbance values plotted against the SRB and Janus green 

absorbance values for the ten PMs from Figure C.2.  The correlations between the MTT 

assay and both the SRB and Janus green assays are strong, with coefficients of 

correlation of 0.91 and 0.92, respectively.  However, this figure also shows that, for the 

same ten PM types, the MTT assay provides a much wider range of absorbance values 

(approximately 0.6 absorbance units) than either the SRB or Janus green assays, both of 

which yield a range of approximately 0.3 absorbance units.  The greater range of the 

MTT assay means that it is more sensitive to small differences in toxicity than the other 

two assays.  This greater measurement sensitivity, and the fact that the MTT assay can be 
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used to measure the toxicity of PM on both proliferating cells and confluent monolayers 

of cells whereas the other two only work with proliferating cells, make the MTT assay 

the most effective of the three for the purposes of this project.

Coal-Ash and Oil-Ash Toxicity Results

This section of the appendix presents coal-ash and oil-ash toxicity analyses not 

included in the two published papers.  The coal-ash studies described in Appendix C 

compared the respiratory toxicities of ashes from the combustion of German-mined coal 

and Ohio-mined coal, and investigated the effects on respiratory toxicity of 

supplementing coal with municipal sewage sludge (MSS).  Although MSS has been 

touted as a “green fuel”, Fernandez et al. (2001) found respired coal ash supplemented 

with 20% MSS to be much more toxic to mice than coal ash alone.  A goal of the coal-

ash studies performed in this appendix was to determine whether the in-vitro model used 

throughout this study would yield results similar to those found by Fernandez et al. in 

their in-vivo studies.  To this end, the in-vitro toxicities of four types of ash were 

evaluated: German-mined coal ash with and without 20% MSS supplementation, and 

Ohio-mined coal with and without 20% MSS supplementation.  

Figure C.4 shows the results from a dose-response experiment performed by 

exposing proliferating rat lung epithelial cells to each of the four aforementioned coal-ash 

types at various PM concentrations, and measuring their effects on cell growth.  The 

resulting four dose-response curves were all similar, with approximately 70% cell-growth 

inhibition at ash concentrations of 500 µg/mL. There were no significant differences 

observed between the toxicities of German and Ohio ashes, or between ashes with and 
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without added MSS.  

In addition to this dose-response experiment, the effect of exposure time on coal-

ash toxicity was evaluated.  In these experiments, confluent monolayers of rat lung 

epithelial cells were exposed to either 25 µg/mL or 100 µg/mL of the four coal-ash types.  

The toxic effects of these exposures on cellular metabolism (as measured by the MTT 

assay) were quantified at several times.  The results of the 25 µg/mL and 100 µg/mL 

exposure experiments are shown in Figures C.5 and C.6 respectively.  Figure C.5 shows 

no significant toxicity development for any of the four ashes evaluated at an exposure 

level of 25 µg/mL.  However, as shown by Figure C.6, a measurable toxic effect 

developed for all four ashes over the first 24 hours of exposure.  This was followed by a 

metabolic recovery for cells exposed to all four ash types.  As in the dose-response results 

shown in Figure C.4, the ashes from coals supplemented with 20% MSS were not 

observed to be more toxic than those of unsupplemented coals.   

Like the time-course experiments performed with coal ash, the effect of exposure 

time on the toxicity of four types of oil ash was also evaluated at exposure levels of 25 

µg/mL and 100 µg/mL.  The four oil-ash types chosen allowed toxicity comparisons 

between #5 and #6 fuel oil, coarse (> 2.5 µm diameter) and fine (< 2.5 µm diameter) 

particles, and three different sulfur concentrations.  The results of these time-course 

experiments are shown in Figures C.7 and C.8 for the 25 µg/mL and 100 µg/mL exposure 

levels, respectively.  As with the coal ash, the 25 µg/mL exposure level had little toxic 

effect on the exposed cells, but in the 100 µg/mL experiment, clear differences between 

the oil ashes were apparent.  Specifically, as Figure C.8 illustrates, the fine oil ash 
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inhibited cellular metabolism the most, with 68% metabolic inhibition compared to non-

exposed controls after 72 hours.  This result strongly supports the conclusion that particle 

size is a strong contributor to PM toxicity, with fine particles inhibiting cellular 

metabolism significantly more than coarse particles.

Soluble vs. Insoluble PM Fraction Toxicity

Appendix B presents the investigation of in-vitro toxicity of several transition 

metals that would be expected to leach out of fossil-fuel combustion ash particles.  In 

Appendix C, the relative roles of the soluble and insoluble components of PM in overall 

toxicity are investigated.  As an initial experiment, confluent monolayers of cells were 

exposed to 100 µg/mL of 1.0 µm diameter latex beads.  These beads simulated fine but 

completely insoluble particulate matter, and were used to quantify the sole effect of 

insoluble PM components.  As Figure C.9 shows, these beads had no significant toxic 

effect, which highlighted the importance of the soluble components of PM on toxicity.  

However, the results of the experiment shown in Figure C.10 suggest that the relative 

contributions of soluble and insoluble components to toxicity are PM-dependent, with the 

coarse oil ash (GG) and fine oil ash (L) behaving quite differently. 

2.4 Potential Future Directions

The study described within this dissertation used a single-cell-type lung model 

(rat type II alveolar epithelial cells) and three different colorimetric assays to evaluate the 

toxicities of several types of fossil-fuel combustion ashes and metals.  Based on the 

lessons learned and conclusions drawn from these experiments (itemized in Chapter 3), 
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the scope of this type of study could be expanded in two primary ways: by developing 

and testing with a more sophisticated in-vitro alveolus model; and by evaluating the 

toxicities of additional substances.

Improving the In-Vitro Alveolus Model

The single-cell cultures of rat type II alveolar epithelial cells used exclusively in 

this study provided quantifiable toxicity data for a wide range of PM types and several 

metals.  However, although this cell type plays a crucial role in alveolar function, other 

cell types are present at the alveoli-air interface as well, such as type I epithelial cells and 

macrophages (Marieb, 2002; Ross et al., 2002).  To provide a better in-vitro model of 

alveoli, co-cultures of type I epithelial cells, type II epithelial cells and macrophages, 

preferably in ratios similar to those present within actual alveoli, could be used.  This 

would make the model more biologically accurate, and may yield toxicity results that 

better agree with in-vivo studies.

In addition to adding new cell types, the in-vitro alveolus model could be made 

more biologically accurate by changing the way these cells are cultured.  In this study, 

type II epithelial cells were grown by adhering basally (i.e. on their bottom sides) to the 

floors of plastic culture-plate wells, and were fed on their proximal (top) sides with liquid 

culture media.  However, within the actual alveolus, such epithelial cells adhere basally 

to thin layers of proteins called basal lamina, and are fed basally.  The proximal sides of 

the cells make up the cell-air interface of the alveolus (Ross et al, 2002).  To better mimic 

this structure with an in-vitro model, cells could be grown on a porous surface treated 

with proteins to mimic basal lamina, and fed with culture medium from the basal side.
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Evaluating the Toxicities of Different Substances

The study described herein focused on the relative toxicities of different types of 

oil-combustion and coal-combustion ashes of various compositions and particle sizes, as 

well as several of their metallic components.  The results from these experiments yielded 

information about the relative toxicities of these ashes and about the PM characteristics 

that contribute to pulmonary toxicity.  However, the substances evaluated represent but a 

tiny fraction of potentially respirable materials.  For example, many other fossil-fuel 

combustion ashes, such as those from the exhaust of different types of vehicles, could be 

evaluated using these methods.  To better scrutinize the effects of particle size on alveolar 

toxicity, in-vitro cell cultures could be exposed to particulate matter that had been size-

segregated into several aerodynamic diameter ranges, and their toxic effects compared.
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3. CONCLUSIONS

The following is a summary of the conclusions drawn from the experiments 

described in Appendices A, B, and C.

1. Colorimetric assays using Sulforhodamine B, Janus Green, and MTT can all be 

adapted to provide quantifiable PM and metal toxicity results when used with an 

in-vitro lung model composed of rat type II alveolar epithelial cells.  The toxicity 

results provided by these three assays are similar, with correlation coefficients 

greater than 0.90 for each pair comparison.  All three assays are suitable for 

quantifying the toxicity of substances on proliferating cells, but only the MTT 

assay is suitable for quantifying the toxicity of non-proliferating cells.  Also, of 

the three, the MTT assay provides the greatest dynamic range of measurement, 

which makes it the most sensitive of the three assays.

2. Both Ohio coal ash and German coal ash are toxic to alveolar cells, with 

approximately 80% inhibition of cell proliferation at a PM exposure level of 100 

µg/mL.  In dose-response experiments, the toxicities of Ohio coal ash and 

German coal ash were similar at all exposure levels tested.

3. The measured toxicities of German and Ohio coal ashes supplemented with 20% 

municipal sewage sludge (MSS) were no different than those of pure German and 

Ohio coal, both in dose-response and time-course studies.  This contradicts the 

findings of Fernandez et al. (2001), whose in-vivo studies found MSS-

supplemented ash to be far more toxic.  This contradiction may indicate that a 
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monoculture of type II epithelial cells is not complex enough to identify some 

PM-induced toxic effects.

4. The sulfur concentration of pre-combustion fuel oil appears to contribute to the 

toxicity of its post-combustion ash; ash from lower-sulfur oils caused less 

reduction in cell proliferation than ash from higher-sulfur oils.  

5. The concentrations of vanadium and iron in oil ash correlate strongly with 

inhibition of cell growth as measured by the Janus Green assay, with correlation 

coefficients of 0.83 and 0.89, respectively. 

6. Time-course studies measuring the toxicities of coal and oil ashes at an exposure 

level of 25 µg/mL showed little toxic effect for any ash tested.  

7. At an exposure level of 100 µg/mL, German and Ohio coal ash toxicity developed 

over time to a maximum of approximately 10-20% inhibition of cellular 

metabolism after 24 hours of exposure, but this toxic effect diminished to almost 

zero after 72 hours.  The nature of this recovery is not known, but is likely due to 

either the killing and subsequent replacement of cells through proliferation, or the 

sub-lethal injury and subsequent adaptation of cells.

8. The toxicity of oil ash over time is highly influenced by particle size.  In time-

course studies comparing the inhibition of cellular metabolism caused by coarse 

and fine oil-ash particles, fine particles caused a much stronger toxic effect, 

inhibiting 68% of cellular metabolism compared to only 33% for the most toxic 

coarse PM.

9. The relative contributions of soluble and insoluble components to overall oil-ash 
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toxicity differ for coarse and fine particles.  The contribution to toxicity of soluble 

components (e.g. leachable transition metals) appears to be much greater in 

smaller particles than in larger particles.  This phenomenon is likely due to the 

fact that smaller particles have a larger surface-area-to-volume ratio than larger 

particles, which facilitates leaching of soluble components.

10. In a dose-response experiment measuring the inhibition of cell metabolism caused 

by zinc, vanadium and iron individually, all three metals generated measurable 

toxic effects at concentrations of 1mM and higher.  Of the three, zinc was clearly 

the most toxic, with an exposure concentration of 0.6 mM causing a 50% 

inhibition of cellular metabolism, compared to 3 mM for vanadium and 4 mM for 

iron.  

11. The measured toxicity of zinc, but not of iron or vanadium, is significantly 

reduced by the presence of blood serum, a common additive to cell culture 

medium.  This protective effect is largely if not entirely due to the serum protein 

albumin, which binds strongly to zinc.  The effect of albumin on zinc toxicity can 

be reduced by performing rinses on the cell layers prior to zinc exposure.   
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ABSTRACT

Inhaled airborne particulate matter (PM) represents a potentially significant health 

hazard to humans.  Exposure to PM strongly correlates with pulmonary inflammation and 

incidences of severe respiratory distress, including increased hospital admissions for 

breathing disorders, asthma, emphysema, and chronic bronchitis.  PM generated from the 

combustion of fuel oils and coals contain a number of water-soluble transition metals 

including Fe, V, and Zn.  

We have evaluated the impact of PM types with varying composition collected 

from the combustion of oils and coals on the health and metabolism of lung cell cultures.  

Three colorimetric assays, (SRB, Janus green and MTT), have been adapted to quantify 

the impact of PM on rat lung alveolar type II epithelial cells (RLE-6TN cells).  The PM 

toxicity metrics evaluated were inhibition of cell proliferation, (SRB and Janus green), 

and inhibition of cellular metabolism (MTT).  Cell proliferation is inhibited in a 

consistent dose-dependent manner by PM concentrations from 25 µg/mL to 250 µg/mL.  

At a level of 100 µg/mL, oil-derived PM diminish cell metabolism by as much as 40% 

relative to controls; the degree of inhibition is strongly dependent on PM particle size and 

metal content.  Conversely, coal-derived PM at the same dosage diminish cell 

metabolism by no more than 20% relative to controls.  All three assays provide highly 

repeatable results and consistent toxicity rankings of the PMs evaluated.  Overall, 

metabolism inhibition as measured by the MTT assay was deemed the most appropriate 

metric for PM toxicity, primarily due to its applicability with in vivo-like confluent cell 

monolayers.
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INTRODUCTION

Numerous epidemiological studies have found a correlation between exposure to 

respirable airborne particulate matter (< 10 µm aerodynamic diameter, or PM10) and 

increased mortality and adverse respiratory health effects, including the development of 

emphysema, chronic bronchitis, and asthma (Dockery et al., 1993; Pope et al., 1995; 

Schwartz and Morris, 1995).  On the tissue and cellular level, PM-deposition insults can 

result in pulmonary inflammation, airway hyperreactivity, epithelial cell damage, and 

increased epithelial permeability (Fabbri et al., 1984).   The formation of reactive oxygen 

species and subsequent lipid peroxidation is believed to play a major role in toxicity; 

however, the rate of formation of reactive oxygen species can depend on synergistic 

effects between components of PM and on the presence of relatively benign materials.  

The direct mechanisms by which the wide variety of airborne PM types impact target 

cells in the respiratory system is diverse, thus severely complicating schemes to monitor 

the potential impact of the release of such particulates into the atmosphere.

The degree to which airborne particulates impact human health are known to 

depend on several factors including particulate mass, size distribution, composition 

(polyaromatic hydrocarbons and metals such as Fe, V, and Zn), the presence of biogenic 

components (endotoxins, pollen, bacteria, viruses), and other factors (Brunekreef, 2000; 

Mossman, 2000; Driscoll et al., 1997; Giamello et al., 1990; Dalal et al., 1995; Gercken 

et al., 1996; Dye et al., 1999).  The particle size distribution of PM in particular appears 
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to have a modulating effect on the degree of toxicity.  Although both fine particles (0.1 

µm - 2.5 µm in aerodynamic diameter) and ultrafine particles (< PM0.1) are considered 

pathogenic (Oberdorster 1996; Churg et al., 1999), increasing toxicity with decreasing 

PM aerodynamic diameter has been reported (Smith et al., 2000). The relative roles of 

soluble and insoluble components of PM are not entirely clear, with conflicting evidence 

supporting roles for either as the critical factor in toxicity to the lung (Peterson and 

Kirschbaum, 1998; Adamson et al., 1999; Prahalad et al., 1999).

The types and sources of PM10 are diverse, and vary substantially in their 

potential pulmonary toxicity.  Of these, anthropogenic fossil fuel combustion emissions, 

such as residual oil fly ash and coal ash, have been the subjects of greater concern than 

more ubiquitous PM10 types, such as fugitive dusts from agricultural operations and 

roads.  This is because such fossil fuel-derived ashes are generally small (PM2.5 and 

smaller) and therefore easily respirable, and generally contain relatively high levels of 

soluble metals (Gavett et al., 1997).  Both of these characteristics exacerbate the potential 

respiratory toxicity of coal and oil combustion ashes, and make them important subjects 

for continued research.  

The respiratory toxicities of coal- and oil-derived PMs have been evaluated via 

both in vivo (Dreher et al., 1997; Fernandez et al., 2001), and in vitro (Carter et al., 1997; 

Smith et al., 2000) experimentation.  In vivo inhalation tests provide a physiologically 

relevant response to particulates and generate information that is most reliable for 

predicting the impact of PM on human health, although there are concerns on 

extrapolating data across species.  These studies, unfortunately, are difficult, time 
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consuming, and expensive, thus restricting the use of in vivo studies to characterize only a 

handful of PM types in a reasonable amount of time.  In vitro studies offer significant 

savings in time and labor over in vivo studies, thereby allowing much higher throughput, 

and allow the researcher to investigate the toxic effects of PMs on individual components 

of the respiratory tract by culturing different cell types.  

Relatively few of the established in vitro cytotoxicity assays have been applied to 

quantitate coal and oil ash toxicity.  The most commonly used metrics in PM studies 

seem to involve the hyper-production of inflammatory cytokines, such as IL-6, IL-8, and 

TNFα (Carter et al., 1997; Smith et al., 2000).  These metrics have proven sensitive and 

effective, but commercial ELISA kits commonly used for this purpose can be expensive, 

particularly if many samples are to be tested.  Cell death assays, such as those measuring 

lactate dehydrogenase (LDH) release, require catastrophic cell death and rupture, and are 

therefore relatively insensitive to more subtle PM-induced insults.  The traditional cell 

viability assay incorporating cell layer trysinization and trypan blue exclusion is time-

consuming, and can be highly inaccurate when used with adherent cell types that tend to 

clump.  To more completely and efficiently characterize the nature and extent of airborne 

PM toxicity, additional cytotoxicity metrics and assays are needed.

In the project described in this paper, three established cytoxicity assays were 

adapted and used to quantify the toxicity of coal- and oil-derived PMs on RLE-6TN cells, 

a rat type II alveolar epithelial cell line.  The three assays used were the sulforhodamine 

B (SRB) assay, the Janus green assay and the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay.  These were chosen for evaluation due to 
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their relatively low cost, their simple protocols, and their successful use in other 

applications.  SRB, which stains cell proteins, and Janus green, which stains cell 

mitochondria, were used as cell proliferation assays.  With these assays, PM toxicity was 

measured as inhibition of the growth of log-phase cells.  In the MTT assay, yellow 

soluble MTT is converted to blue formazan crystals by living, metabolically-active cells 

(Mosmann, 1983).  Inhibition of this metabolism in confluent monolayers of type II cells 

was used to quantify PM toxicity.

These three assays were used to quantitatively analyze the cytotoxicity of coal and 

oil ashes from various sources, of different particle size distributions, and with various 

concentrations of sulfur and transition metals (e.g. Fe, V, and Zn).  Testing of these 

particles provided quantitative information regarding the relative effects of size and 

composition on PM toxicity.  In addition, time-course studies provided information about 

when the onset of toxicity occurs with different particles, as well as how the magnitude of 

their toxic effects change over time.  As the following results show, relative PM toxicity 

was highly dependent on all of these factors: size distribution, chemical composition, and 

exposure duration.  

MATERIALS AND METHODS

PM toxicity is quantified through measurement of its impact on the metabolism 

and growth of alveolar epithelial cells grown on tissue culture plates.  PM was collected 

from a number of fossil fuel combustors of varying size burning a variety of types of fuel 

including oils and coals from the US and Germany.  The resultant PM types vary in the 
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content of metals (Zn, Fe, V, Co, Se) and sulfur and vary in their particle size 

distribution.  

Cell Culture

RLE-6TN cells, a rat type II alveolar epithelial cell line (ATCC, Rockville, MD), 

were used in all experiments.  These cells were maintained in BRFF-RLuE (BRFF, 

Ijamsville, MD), a specialty medium for rat lung epithelial cells, in T-flasks at 37 ºC and 

5% CO2.  For cytotoxicity experiments, newly confluent cell layers were trypsinized, 

resuspended in BRFF-RLuE medium with 1% antibiotic-antimycotic solution (Sigma, St. 

Louis, MO), and seeded in 96-well plates with 100 µL/well.  In cell-growth inhibition 

experiments (SRB, Janus green, and some MTT runs), plates were seeded at a cell 

density equivalent to 1/8 of the confluent cell density of the source T-flask, and allowed 

to attach and proliferate for 24 hours prior to PM exposure.  In cytotoxicity experiments 

evaluating confluent layers of cells (MTT only), wells were seeded at a cell density 

equivalent to 1/3 of the confluent cell density of the source flask, and allowed to grow to 

confluence for 72 hours prior to PM exposure.

PM Exposure

PMs were stored dry at room temperature.  Immediately before each use, solid 

PMs were added to 10 mM PBS, pH 7.4, and mixed thoroughly via vigorous trituration.  

The resulting mixture was added to BRFF-RLuE medium with 2% antibiotic-antimycotic 

solution (10% PBS-PM mixture, 90% medium).  This solution was triturated, and 100 µL 
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added to the 100 µL of seeding medium in each well.  The plates were returned to a 37 

ºC, 5% CO2 environment for the desired exposure time.

Cytotoxicity Assays

All reagents and solutions used in the three assays evaluated were purchased from 

Sigma (St. Louis, MO).  The protocol used for the SRB assay was similar to that 

previously described by Skehan et al. (1990).  Cell layers were fixed to the well bottoms 

by adding 50 µL of cold 50% trichloroacetic acid to the 200 µL of medium in each well 

and incubating the plate at 4 ºC for 1 hour.  The wells were then drained, rinsed 5 times 

with Nanopure water, and air dried.  0.4 % (w/v) SRB in 1% glacial acetic acid was then 

added (50 µL/well), and the plate incubated for 30 minutes.  Unbound dye was then 

drained and removed completely via 4 rinses with 1% glacial acetic acid, with sharp 

flicks of the plate after each rinse.  After air drying the plate completely, the dye was 

solubilized by adding 150 µL/well of 10 mM Tris base, pH 10.5, and hand swirling for 5 

minutes.  Absorbance at 540 nm was measured on a microtiter plate reader.  

The Janus green assay was run similarly to the method detailed by Raspotnig et 

al. (1999).  Culture medium was removed completely from the wells via pipet, and 50 

µL/well of 50% ethanol was added to fix the cell layers.  After a 30 minute incubation, 

the fixative was removed completely, and 50 µL/well of Janus green solution [0.2% (w/v) 

Janus green B in PBS (pH 7.2)], was added and incubated for 3 minutes at room 

temperature.  The unbound stain was then removed via pipet, and the plate sequentially 

dipped and lightly shaken for 30 seconds in two 5-liter tanks of deionized water to 
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remove residual stain.  Water was removed completely and the bound dye eluted from the 

cell layer in 150 µL/well of 0.5 N HCl by hand swirling for 3 minutes.  Absorbance at 

620 nm was then measured.  

For the MTT metabolism assay, 5 mg/mL of MTT in PBS, pH 7.4, was prepared 

and syringe filtered at 0.45 µm (to remove undissolved solids) immediately before each 

use.  20 µL of MTT solution was added to the 200 µL of medium in each well, and the 

plate incubated at 37 ºC for 3 hours.  The wells were then drained completely via pipet, 

and 120 µL of DMSO was added to each well to dissolve the crystalline formazan 

product.  The plate was hand swirled and tapped for approximately 3 minutes, or until all 

crystals were dissolved.  Absorbance was then measured at 540 nm.  

In all three assays, PM residue in the bottom of the wells was found to absorb 

light significantly at the measurement wavelength (540 nm for SRB and MTT, 620 nm 

for Janus green).  To alleviate this problem, after a plate was read, 100 µL/well of the 

eluted stain solution was slowly pipetted from the wells and transferred to a new plate, 

leaving the PM residue in the original.  New-plate absorbance measurement results are 

used exclusively in this paper.  

RESULTS AND DISCUSSION

The studies described in this paper had three primary goals.  They were: 

1) To adapt three established colorimetric cytotoxicity assays for use in PM-

induced toxicity quantification; 
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2) To use these assays to evaluate the toxicity of PMs from various sources and of 

varying compositions; and

3) To quantify the contributions of metals, particle size, and length of exposure 

time to PM toxicity.

Cell-growth Inhibition Studies

To evaluate the dose response of cell proliferation to PM cytotoxicity, two coal-

derived PMs, one from German coal and one from Ohio, USA coal, were used.  Five 

concentrations from 12.5 to 250 µg/mL were added to log-phase epithelial cell cultures 

for an exposure time of 24 hours.  The SRB assay was then used to quantify PM-induced 

cell growth inhibition.  The results are presented in Figure A.1.  Each point represents the 

mean result for 8 separate cell cultures; the average standard deviation for all treatments 

was 3%, as shown by the error bars.  The two coal ash types yielded similar dose 

responses at each concentration evaluated.   PM at concentrations in the culture medium 

of 12.5 µg/mL reduced the cell growth rate by over 40% compared to non-exposed 

controls.  PM dosages above 100 µg/mL did not significantly reduce the cell growth rate 

beyond that obtained for lower PM concentrations.  Note that at high PM concentrations, 

it is difficult to discriminate between a lack of cell growth, cell death, and detachment of 

cells from the surface of the tissue culture plate.  Such high levels of PM generate 

catastrophic effects on a cell culture, thus making it difficult to discriminate the 

mechanisms of cellular response to PM.  Similar trends were observed for other PM types 

(not shown).  Further studies focus on PM concentrations of 100 µg/mL.  
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Figure A.1. Coal ash dose response -- inhibition of cell growth after a 24-hour exposure 
to varying levels of PM.  
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Additions of 100 µg/mL PM incubated with cells for 24 hours generate responses 

that are highly dependent on PM type, composition, and particle size.  Figure A.2 

illustrates the relative cell growth inhibition (as a percentage of a PM-free control) caused 

by exposure to five different oil fly ashes, as quantified by the Janus green assay.  Both 

#5 and #6 oil combustion ash were tested, with varying sulfur levels, and with two 

different particle size distributions ("coarse" is PM2.5 or larger, "fine" is PM2.5 or smaller).  

As the figure shows, fine particulates inhibited cell proliferation considerably more than 

coarse particulates produced by combustion of the same oil.  Sulfur content also seemed 

to contribute to cytotoxicity.  Compositional analysis of the three oils evaluated published 

previously (Miller et al., 1998), identified sulfur weight percentages for #5 oil, #6 

medium sulfur oil, and #6 high sulfur oil of 1.73%, 0.93%, and 2.33%, respectively.  Of 

the three oils evaluated, #6 medium sulfur oil contains the least sulfur, and its ash 

inhibited cell growth the least.  

PM composition has a substantial impact on the inhibition of cell growth.  Figures 

A.3, A.4, and A.5 present the results from PM exposures, but with ordinates representing 

the concentrations of three metals that have been reported to contribute to PM toxicity: 

iron, vanadium, and zinc.  As the concentrations of these metals increase, the cell growth 

compared to control decreases, indicating some degree of a toxicological response.  

Vanadium and iron concentrations present good correlations with this inhibition (R2

values of 0.83 and 0.89, respectively), and such behavior is consistent with results 

presented in the literature.  The iron concentration in these PM samples is substantially 

lower than that of vanadium but is at levels similar to that of zinc.  The zinc 
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Figure A.2. Impact of oil derived PMs on cell growth compared to non-exposed control 
(100%).   Sulfur percentage of pre-combustion fuel oil shown above each bar.
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concentration, however, poorly correlates with inhibition of cell growth.  This result is 

contrary to prior studies that have demonstrated a relationship between zinc and toxic 

responses in alveolar epithelial cells.  The lack of a correlation could be due to the strong 

correlation between vanadium and iron and the inhibition of cell growth, or some other 

factor that minimizes the impact of zinc on cell growth.  Predictions of PM toxicity 

cannot be made based solely on the concentration of a limited number of components; 

rather, multiple factors must be taken into account.  

Note that the results of the impact of PM exposure on cell growth are relative to 

non-exposed cultures that yield a 100% level of viable cell density in culture.  While this 

approach provides useful information on PM toxicity and is often used by other 

researchers, it has several limitations.  First, alterations in cell growth in culture due to 

the presence of PM do not accurately reflect the in vitro situation.  Epithelial cells in in 

vitro culture preferentially form confluent monolayers on the surface of a plastic tissue 

culture plate.  Such monolayers consist of tightly packed cells in which the driving force 

to reproduce has been lost due to so-called contact inhibition.  In order to quantify the 

rate of growth of a two dimensional cellular monolayer, one must begin with a non-

contact inhibited, non-confluent monolayer, preferably with cells seeded at a relatively 

low surface coverage.  This can be achieved with low initial cell densities that may be 

anticipated to reach confluence in 24-48 hours.  Alveolar epithelial cells reproduce 

approximately every 16 hours.  Unfortunately, it can be difficult to achieve a high degree 

of reproducibility in the concentration and distribution of non-confluent cells in multiple 
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Figure A.3. Impact of iron content of oil-combustion PM on cell growth.
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Figure A.4. Impact of vanadium content of oil-combustion PM on cell growth. 
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Figure A.5. Impact of zinc content of oil-combustion PM on cell growth. 
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culture plates.  Also, the presence of epithelial cells in a non-confluent monolayer does 

not accurately mimic the in vivo distribution of these cells, which normally are found 

forming a tight barrier without such gaps.  In addition, quantifying inhibition of cell 

growth also suffers from a degree of uncertainty in the actual effect that is quantified.  A 

decrease in the cell growth rate relative to controls could be due to a lowered growth rate, 

to an increase in cell death, or to the detachment of cells from the plate surface.  

Alternative methods have been applied by other researchers to quantify the impact of PM 

on cell growth; however, such methods are subject to similar limitations.  

Cellular Metabolism Inhibition Studies

To address the shortcomings of the cell growth metric, we have investigated the 

MTT assay as a means to quantify the toxicity of PM through their impact on the 

metabolism of epithelial cells.  These measurements are performed with confluent 

monolayers that have very similar levels of cell surface coverage.  Introduction of PM to 

a cell culture is likely to alter the cell metabolism more quickly and with lower PM 

concentrations than could be observed when tracking only changes in the cell growth.  

Metabolic changes are typically due to less catastrophic events than are alterations to 

cellular viability or reproduction.  

The metabolic assay (MTT) and cell growth assays (SRB and Janus green) lead to 

similar rankings of comparative levels of toxicity.  When the three assays were used to 

quantify the toxicity of the same particulates, the SRB and MTT assays correlated with 

an R2 of 0.91, and the Janus green and MTT assays yielded an R2 of 0.92, although the 
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MTT assay provided a greater dynamic range (data shown in Appendix C).  These results 

are in agreement with previously published results based on the composition of the PM 

types and demonstrate that changes in cell metabolism can represent a useful metric for 

PM toxicity.  This response is robust, sensitive, and specific to PM composition.  

An important factor that becomes apparent through use of cellular metabolism as 

a toxicity metric is that the time required to initiate cellular changes can depend on the 

PM type.  The results of time-course experiments measuring metabolism inhibition (using 

the MTT assay) of 100 µg/mL of coal and oil ashes over 24 hours are shown in Figures 

A.6 and A.7, respectively.  The average standard error for measurements was 

approximately 5% in both of the two experiments, as illustrated by the error bars.  Over 

short observation times, generally less than 16 hours, many PM types generate similar 

levels of a cellular response.  In particular, the two coal types (Figure A.6) yield near 

identical levels of impact on cell metabolism from 0 to 16 hours of exposure.  Beyond 

this time, the German coal ash continues to exert an inhibitory effect, whereas cells 

exposed to the Ohio coal ash appear to have reached an adapted and constant level of 

metabolism.  The degree of metabolic inhibition is relatively low (10-20% below 

controls) which represents a level for which cells may be able to recover.

Figure A.7 shows the development of cytotoxic effects of four oil-ash types over a 

24-hour period, with exponential decay curves fitted to each time course (the curve fitting 

process is described in Appendix G).  Cell cultures exposed to oil ash (Figure A.7) 

display fairly similar levels of metabolic inhibition over the first 2 hours of exposure.  At 

later times, differences become significant and a consistent ranking of PM toxicity can be 
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Figure A.6. Impact of coal ash PM on metabolism of lung cells over a 24-hour exposure.

70%

75%

80%

85%

90%

95%

100%

105%

110%

0 10 20 30

Time [Hours]

M
et

ab
o

lis
m

 (%
 o

f C
o

n
tr

o
l)

German Coal Ash

Ohio Coal



71

0%

20%

40%

60%

80%

100%

0 5 10 15 20 25

Time (Hours)

M
et

ab
o

lis
m

 (
%

 o
f 

C
o

n
tr

o
l)

#5 Oil, Low S, Fine #6 Oil, Hi S, Coarse

#5 Oil, Low S, Coarse #6 Oil, Med. S, Coarse
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obtained.  Fine PM obtained from combustion of a low sulfur #5 oil generates the largest 

impact on the cell cultures, with a greater than 40% inhibition of metabolism after 24 

hours as compared to controls.  Coarse PM generates somewhat less of a response, but 

the level is due at least to some degree to the sulfur and metal content of the PM.  Like 

cells exposed to Ohio coal ash in Figure A.6, cells exposed to the three coarse oil ashes 

experience relatively little metabolism inhibition, and are apparently able to adapt to the 

insult.  Note that the toxicity ranking of the four oil PMs at 24 hours quantified via 

metabolism inhibition in Figure A.7 agrees with the rankings quantified via cell growth 

inhibition in Figure A.2.      

These results suggest that the time for which toxicity measurements are taken can 

have a sizeable impact on the relative and absolute degree of cell response.  Common 

uses of in vitro systems rely on measurements performed after 2 and 24 hours of 

exposure.  Measurements only at 2 hours would lead to the conclusion that all four PM 

types shown in Figure A.7 had the same impact on the cells.  A likely more useful metric 

of cell response would permit analysis at multiple instantaneous evaluations on the same 

cell monolayer.  Alterations to cell metabolism appear to provide a useful metric of 

toxicity and reflects a cell response that can provide useful measurements for short 

duration exposures.  

SUMMARY

All three of the colorimetric assays adapted for use in PM toxicity measurements 

performed well, with strong inter-assay correlations and low standard errors.  The impact 
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of a variety of coal and oil-derived PM has been evaluated based on its impact on the 

growth and metabolism of lung cell cultures.  The magnitude of the cell response depends 

on the PM composition, particle size, and time for observation.  Measurement of the cell 

response at greater than two time points provides useful information on the magnitude of 

the cell response and enables greater confidence in the ranking of PM toxicity.  
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ABSTRACT

Respiration of fossil fuel-derived airborne particulate matter (PM) has been linked 

to various pulmonary disorders.  Transition metals contained in such PM, such as zinc, 

iron and vanadium, have been suggested as the primary culprits in PM-induced 

pulmonary distress by rat instillation studies.  In this study, the cytotoxicity of zinc, iron, 

and vanadium on confluent monolayers of rat alveolar epithelial cells was evaluated as 

the inhibition of cellular metabolism as quantified via the MTT assay.  In addition, the 

effect of culture-medium serum concentration on the toxicities of these three metals was 

investigated.  Of the three metals tested, zinc was the most toxic, with a TC50 of 0.6 mM 

in culture medium with 10% serum; vanadium and iron had TC50’s of 3 mM and 4 mM, 

respectively.  Serum in culture medium was found to substantially reduce the apparent 

toxicity of zinc: TC50’s for zinc ranged from 0.6 mM in 10% serum to 0.1 mM in serum-

free medium.  Zinc toxicity analyses in various culture-medium conditions demonstrated 

that the toxicity-reducing effect of serum was due largely, and perhaps entirely, to serum 

albumin.  Some, but not all of the effect of serum and albumin on zinc toxicity is 

apparently due to zinc-albumin binding.  

Keywords: transition metal toxicity, serum effects, albumin  
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INTRODUCTION

Increased exposure to airborne particulate matter (PM), particularly those in the 

respirable range (< 10 µm aerodynamic diameter) has been linked to increased morbidity, 

and to greater incidence of respiratory disorders (Koenig et al., 1993; Burnett et al., 1995; 

Pope et al., 1995; Schwartz and Morris, 1995).  Such PM-induced respiratory distresses 

may be the result of several types of tissue-and cellular-level insults, such as pulmonary 

inflammation, airway hyperreactivity, increased epithelial permeability, and epithelial 

cell necrosis (Fabbri et al., 1984). 

Airborne particulates are complex mixtures of organic matter and inorganic 

compounds, such as both bound and soluble metals.  Of these types of PM components, 

soluble metals are of particular concern, due to their ability to leach out of the particulates 

after respiration and alveolar deposition, and insult the alveolar epithelial cell layer.  

Airway exposure to some of the metals found in many PM’s has been implicated in the 

onset of certain diseases.  For example, zinc (Zn) exposure has been linked to metal-fume 

fever (Armstrong et al., 1983; Mueller and Seger, 1985), and was suggested as an 

exacerbator of asthma (Malo and Cartier, 1987).  Iron (Fe) exposure has been positively 

correlated with interstitial lung disorders such as pneumoconioses (Brooks, 1981; Rom, 

1983), and vanadium (V) exposure has been linked with acute tracheobronchitis (Lees, 

1980; Levy, 1984).

Airborne PM comes from many different sources, with widely varying potential 

to induce various types of pulmonary distress.  Of these, PM generated from the 

combustion of fossil fuels, such as coal fly ash and residual oil fly ash (ROFA), have 
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received an inordinate amount of research interest (Ball et al., 2000; Kodavanti et al., 

1998).  This is largely due to the fact that, although they represent a relatively small 

fraction of the total airborne PM, they generally have high concentrations of transition 

metals (Chen et al., 1992; Benson et al., 1995), and are mostly respirable (Houk et al., 

1990).  Experiments evaluating the pulmonary toxicity of fossil fuel combustion ash via 

rat intratracheal instillation have observed higher mortality in exposed rats, as well as 

increased airway inflammation, suggesting significant pulmonary distress (Gavett et al., 

1997).  In other experiments, ROFA leachate instillation was found to largely mimic the 

toxic effects of whole ROFA, suggesting that leachable metals are largely responsible for 

overall ROFA toxicity (Dreher et al., 1997).

In-vivo studies such as these are useful as a means of evaluating pulmonary 

toxicity, but unfortunately require large expenditures of time and labor to generate 

results.  Other groups have incorporated in-vitro cell-culture models to evaluate PM 

toxicity, often using elevation of cellular inflammatory cytokine production as a metric of 

cytotoxicity (Carter et al., 1997; Adamson et al., 2000; Ball et al., 2000).  As an 

alternative in-vitro technique, the colorimetric MTT assay has been used to correlate PM 

toxicity with induced cell death.  This assay has been widely used in other cytotoxicity-

quantification applications (Schmalz et al., 1997; Remez et al., 2000), but has seen little 

use in PM toxicity evaluation.  Compared to cytokine quantification via ELISA, the MTT 

assay is quicker, and provides information about cytotoxicity via a different metric (i.e. 

inhibition of cell metabolism), which has potentially reversible effects.
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Animal cells grown in-vitro for use in cytotoxicity experiments are cultured in a 

liquid medium, usually supplemented with animal blood serum.  These sera, such as fetal 

calf serum (FCS) or newborn calf serum (NCS), provide growth factors that encourage 

proliferation and provide other proteins that offer some protection against shear damage.  

However, the serum concentration in culture medium can have significant effects on in-

vitro metal cytotoxicity.  For example, Schmaltz et al. (1997), using L-929 mouse 

fibroblast-like cells, observed significant differences in TC50 values for Nb5+, Ni2+ and 

Sn2+ between cultures grown in 5% and 20% FCS.  Using 3T3 mouse fibroblasts, 

Borenfreund and Puerner (1986) observed greater cytotoxicity for 16 metals when 

cultured in 1% FCS than in 10% FCS.  These results suggest that serum components 

influence the observed toxicity of metals.

The most prevalent protein in mammalian animal sera is albumin; according to 

Hyclone (Logan, UT), at a concentration of approximately 25 g/L, or 0.4 mM, it 

comprises approximately 41.5% of the total protein content of bovine sera.  Due to its 

function as a transporter of small molecules, albumin has a strong affinity to some metals.  

For example, KA’s for the binding of albumin to zinc of 3.2 x 108 M-1 (Masuoka et al., 

1993), and 1.2 x 108 M-1 (Giroux and Schoun, 1981) have been reported.  Using either of 

these KA’s, if zinc was dissolved in pure serum to yield a total concentration of 1 mM, 

approximately 40% of the zinc would be bound to serum albumin, leaving only 0.6 mM 

of free zinc in solution.  The presence of serum albumin is therefore a potential cause of 

the reduction of cytotoxicity observed for certain metals in serum-containing cell 

cultures.  To provide more accurate in-vitro evaluations of metal cytotoxicity, it is 
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important to identify which metals are affected by serum and at what concentrations, and 

which serum component(s) are responsible for these effects.

The interrelated goals of the study described here were as follows:

1. To quantitatively evaluate the cytotoxicity of three transition metals, namely 

Zn, Fe and V, present in leachable form in fossil fuel combustion ash;

2. To discover whether the toxicities of any of the metals under study are 

affected by animal serum; and

3. To quantify the contribution of albumin to this cytotoxicity-reducing effect.

These evaluations were performed using confluent monolayers of rat alveolar epithelial 

cells as a model of the alveolar PM-deposition surface, and using the MTT assay to 

quantify metal-induced reduction in culture metabolism.

MATERIALS AND METHODS

Cell Culture

RLE-6TN cells, a rat type II alveolar epithelial cell line, (ATCC, Rockville, MD) 

were used in all experiments.  These cells were routinely cultured in Dulbecco’s 

Modified Eagle’s Medium – Ham’s F12 1:1 mixture (DMEM -F12) purchased from 

Sigma (St. Louis, MO), with 10% NCS from Hyclone (Logan, UT).  They were grown in 

T-flasks at 37 °C and 5% CO2.  For cytotoxicity experiments, newly confluent cell layers 

were trypsinized, resuspended in DMEM-12 with 10% NCS and 1% antibiotic-

antimycotic solution (Sigma) to prevent microbial contamination, and seeded in sterile 

96-well plates. Plates were uniformly seeded with a volume of 100 µL/well and a cell 
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density equivalent to ¼ the confluent cell density of the source T-flask.  Seeded plates 

were incubated for 48 hours at 37 °C and 5% CO2 to allow cell attachment and 

proliferation to confluent monolayers (verified by light microscopy).  The resulting plates 

were used in metal exposure experiments.  For experiments in which the washing of 

serum from the cell layers was called for, the seeding medium was gently removed, 130 

µL/well of warmed, serum-free DMEM-F12 was gently added, and the plates incubated 

at 37 °C and 5% CO2 for the specified duration.  This rinsing medium was then slowly 

removed and 100 µL/well of the experimental exposure medium added.  Care was taken 

during pipetting to avoid disruption of the cell monolayers by removing medium from the 

edges of the wells, and adding medium slowly along the sides of the wells.

Metal Exposure

Metal salts were purchased from Aldrich (St. Louis, MO).  For all metals 

evaluated, chloride salts were exclusively used to avoid the introduction of additional, 

non-uniform toxic effects due to anions.  Stock solutions of metal salts were prepared 

immediately before use in 10 mM PBS, pH 7.4, at concentrations ten times the desired 

exposure concentrations.  These stock solutions were then added to DMEM-F12 at a 1:9 

ratio, the resulting solution mixed via trituration and gently added to the cell layers.  All 

metal exposures were performed for 24 hours at 37 °C and 5% CO2.  Each exposure 

treatment and control (using blank PBS instead of a metal stock solution, and otherwise 

treated identically) was conducted in a column of the 96-well plate, yielding eight 
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replicates per treatment.  In experiments investigating the effects of albumin, lyophilized 

bovine serum albumin (BSA), purchased from Sigma, was gently dissolved into the 

DMEM-F12 prior to the addition of the metal stock solutions.

MTT Assay

An MTT assay was used to quantify metal toxicity in all experiments.  5 mg/mL 

of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) in PBS, 

pH 7.4, was prepared and syringe filtered at 0.45 µm (to remove undissolved solids) 

immediately before each use.  10 µL of MTT solution was added to the 100 µL of 

medium in each well, and the plate incubated at 37 ºC for 2 hours.  The wells were then 

drained completely, and 120 µL of DMSO was added to each well to dissolve the 

crystalline formazan product.  The plate was hand swirled and tapped for approximately 3 

minutes, or until all crystals were dissolved.  Absorbance in each well was then measured 

at 540 nm.  Treatment toxicity was quantified as treatment mean absorbance as a 

percentage of control mean absorbance, yielding a relative measure of remaining viable, 

metabolically active cells after exposure. 

RESULTS

Cytotoxic effects of Zn, V and Fe

The cytotoxicities in a serum-containing medium of three transition metals 

prevalent in fossil-fuel combustion PM, Zn, V, and Fe, were first evaluated.  Cells were 
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exposed to metal salts in DMEM-F12 with 10% NCS, and dose-response curves 

generated for the concentration range of 10-2 to 10-6 M at decade increments.  The results 

for this experiment are shown in Figure B.1.  Unexposed controls were used to normalize 

results; 100% of control corresponds to no response.  For Zn and V, substantial toxic 

effects become apparent between 0.1 mM and 1 mM; for Fe a small effect was observed 

between 0.01 mM and 0.1 mM.  Using the metric of Toxic Concentration 50 (TC50), the 

metal concentration at which the experimental cellular metabolism is fifty percent of the 

control metabolism, Zn is clearly the most toxic of the three, with a value of 

approximately 0.6 mM.  Compared to Zn, V is roughly five times less toxic with a TC50 

of 3 mM, and Fe more than 7 times less toxic, with a TC50 of 4 mM.  At the 10 mM 

level, all three metals lead to culture metabolic rates of nearly zero.  This corresponds to 

no viable cells remaining in the culture.

Effects of culture medium serum concentration on metal toxicities

To evaluate whether the impacts of these metals are influenced by the presence of 

serum, dose-response experiments for each metal were performed using three different 

NCS concentrations: 0%, 5% and 10%.  Seeding medium containing 10% NCS was 

removed from the wells, the wells soaked in serum-free DMEM-F12 for 1 hour, and the 

metal salt-containing medium added for a 24-hour exposure.  The results for V, Fe, and 

Zn are shown in Figures B.2, B.3 & B.4 respectively.  
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Figure B.1.  Inhibition of cell metabolism by exposure to zinc, vanadium and iron, as 
measured by the MTT assay.  Error bars represent ± 1 standard error.
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 As Figures B.2 and B.3 illustrate, little difference in cytotoxicity between the three 

serum concentrations is evident for V or Fe over the entire 0.1 mM – 10 mM range 

(chosen to bracket the TC50 dose as identified in Figure 1).  However, Figure B.4 

illustrates a substantial difference in Zn toxicity at 0.1 mM between serum-free and 

serum-containing media: cell metabolism was reduced to 67% of control for 0% NCS 

compared to 92% and 97% for 5% NCS and 10% NCS, respectively.  These differences 

are significant, with p-values much less than 0.001 for comparisons between the 0% NCS 

treatment and both the 5% NCS and 10% NCS treatments.  Differences between the 

treatments are diminished at higher metal 

concentrations.  These results suggest that, of the three PM transition metals studied here, 

only Zn is significantly influenced by the presence of animal serum components.  

To more thoroughly evaluate the mediating effects of serum on Zn toxicity, Zn

dose-response curves were generated at six concentrations and in six different culture 

medium conditions.  The Zn concentrations were chosen within the concentration range 

covered in Figure B.4 so as to identify at which concentration(s) the serum effect is most 

pronounced.  The six culture medium conditions were chosen with two goals in mind: 1) 

to quantify Zn toxicity-altering effects at several serum concentrations, and 2) to quantify 

the contribution of albumin to these overall serum effects.  Three of the media were those 
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Figure B.2.  Dose-response curves of toxicity in culture medium with no serum, 5% NCS 
and 10% NCS for vanadium.
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Figure B.3.  Dose-response curves of toxicity in culture medium with no serum, 5% NCS 
and 10% NCS for iron.
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Figure B.4.  Dose-response curves of toxicity in culture medium with no serum, 5% NCS 
and 10% NCS for zinc.
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used in Figures B.2, B.3 and B.4: DMEM-F12 with 0% NCS, 5% NCS and 10% NCS.  

To evaluate the albumin effect, BSA was added to serum-free DMEM-F12 in three 

concentrations.  Using the NCS BSA concentration of 0.4 mM provided by Hyclone, 

media were made with BSA concentrations equivalent to media containing 2% NCS, 5% 

NCS and 10% NCS, but without added serum.  96-well plates were seeded with RLE-

6TN cells as previously.  Plate wells were soaked in two consecutive washes of serum-

free DMEM-F12 for 30 minutes each to remove residual serum from the seeding medium 

prior to Zn exposure in the experimental media.  

The results of this experiment are shown in Figure B.5.  No significant differences 

are apparent among the six media treatments at the low and high Zn concentration 

extrema of 0.01 mM and 1 mM, respectively.  However, significant differences in 

cytotoxicity are evident at intermediate Zn concentrations, particularly 0.1 mM and 0.2 

mM.  At 0.1 mM Zn, the treatment containing DMEM-F12 with 10% NCS shows little 

toxic effect, retaining 92% of the control metabolic activity.  In sharp contrast, the serum-

free DMEM-F12 treatment retains only 46% of the control signal.  This difference is of a 

similar magnitude for 0.2 mM Zn, with 76% and 31% for the 10% NCS and the serum-

free medium, respectively.  Toxicities for the 5% NCS treatments were between the 0% 

NCS and 10% NCS treatments at both Zn concentrations.  Figure B.5 also strongly 

suggests that these serum effects are largely, if not entirely, due to serum albumin.  At 

both 0.1 mM and 0.2 mM Zn, cytotoxicities observed for the 10% NCS and the BSA-

only equivalent of 10% NCS are not significantly different, with p-values of 0.33 and 

0.28 for these comparisons at 0.1 mM Zn and 0.2 mM Zn, respectively.  This behavior is 
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also true for the comparison between the 5% NCS and the BSA-only equivalent of 5% 

NCS treatments at 0.2 mM; this comparison has a p-value of 0.34.  The only exception is 

the comparison of 5% NCS and the BSA-only equivalent of 5% NCS at 0.1 mM Zn (85% 

of control vs. 68% of control, respectively), but even here BSA appears to explain most 

of the serum effect.  At both 0.1 mM and 0.2 mM Zn, even the addition of a BSA 

concentration equivalent to only 2% NCS reduced Zn toxicity substantially.  At 0.1 mM, 

BSA-only 2% NCS yielded a value of 63% of control compared to 46% for serum-free 

medium, and at 0.2 mM Zn the values for these two media were 50% and 31% 

respectively.  The TC50 values for the six treatments, shown in the legend of Figure B.5, 

clearly illustrate the effects of serum, and in particular albumin, on Zn toxicity.  

Compared to the serum-free TC50 of 0.1 mM, the BSA-only 2% NCS value is 

approximately two times higher (0.2 mM), the BSA-only 5% NCS and 5% NCS values 

approximately three times higher (0.3 mM for each), and the BSA-only 10% NCS and 

10% NCS values approximately four times higher (0.4 mM for each).  The similarities 

between the TC50 values of the two 5% treatments and between the two 10% treatments 

also strongly support the conclusion that albumin is responsible for the large majority, if 

not all of the cytotoxicity-reducing effect of serum.

The experiment illustrated in Figure B.5 established the effects of even small 

concentrations of animal serum in culture media on Zn toxicity.  However, serum is 

widely used in cell culture, primarily due to the importance of growth factors in 

encouraging cell proliferation.  In all experiments of this study, epithelial cells were 
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Figure B.5.  Zinc dose-response curves representing six culture medium conditions: no 
serum, 5% and 10% serum, and the BSA-only equivalent of 2%, 5% and 10% serum.  
TC50 values: 0.1 mM for No serum, 0.2 mM for 2% BSA, 0.3 mM for 5% serum and 5% 
BSA, and 0.4 mM for 10% serum and 10% BSA.
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grown to confluence in medium supplemented with 10% NCS, which was removed and 

replaced with the experimental treatment medium.  This raises two questions: 

1) Does residual serum remaining in the wells after removal of the seeding 

medium affect Zn cytotoxicity in the subsequent experimental treatment?  

2) If so, how can this residual serum best be removed?  

To answer these questions, an experiment was conducted in which confluent 

monolayers of epithelial cells were exposed to 0.1 mM Zn in serum-free medium with 

three different BSA concentrations: 1) no BSA, and media with the BSA-only equivalent 

of 2) 5% and 3) 10% NCS.  For each of these three medium types, six serum-removal 

protocols were compared: five combinations of soaks and washes with rinsing medium 

(serum-free DMEM-F12), and one in which no attempt was made to remove residual 

serum.  For the purposes of this experiment, “soaks” are incubations in the rinsing 

medium at 37 °C and 5% CO2 for the specified length of time, and “washes” are the 

addition and immediate removal of warmed rinsing medium. The results of this 

experiment are illustrated in Figure B.6.  As the figure illustrates, the differences between 

Zn cytotoxicity in BSA-free medium and the two BSA-containing media are substantial, 

ranging from 56% of control for the most toxic 0% BSA treatment to 87% of control for 

the least toxic 10% BSA treatment.  In addition, residual serum from the 10% NCS 

seeding medium, as well as the method of its removal, also appear to affect Zn toxicity.  

For all three culture medium conditions evaluated, the most thorough serum-removal 

procedure (defined as the procedure that yielded the greatest Zn cytotoxicity) was the “2 
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Figure B.6.  Effects of various residual seeding-medium serum-removal protocols on the 
toxicity of 0.1 mM zinc in culture medium containing no bovine serum albumin (No 
BSA), the BSA concentration equivalent to that found in 5% serum (5% BSA), and the 
BSA concentration equivalent of 10% serum (10% BSA).  Symbols indicate significance 
of differences between each protocol and the “No Soak” treatment within that BSA-
concentration group: p < 0.01 (**) or p < 0.05 (*).
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30-minute soak” technique.  It was also the only procedure that resulted in significant 

increases in toxicity compared to the “No Soak” technique for all three culture medium 

conditions, with a p-value of less than 0.01 for all three BSA concentrations.  Due to the 

apparent superiority of the “2 30-minute soak” technique, it is recommended for future 

exposure experiments.

DISCUSSION

The primary purpose of this work was to evaluate the cytotoxicities of several 

common soluble components of fossil fuel-combustion ash, namely Zn, Fe, and V, with 

the goal of identifying likely large contributors to PM-induced epithelial cytotoxicity.  In 

these experiments, in-vitro confluent monolayers of Type II alveolar epithelial cells were 

used as a model for the alveoli, and toxicity was quantified via the MTT assay.  Of the 

three transition metals evaluated, Zn was clearly the most toxic, with TC50 values 

ranging from 0.6 mM for exposure in culture medium containing 10% NCS, to 0.1 mM 

for exposure in serum-free medium.  The observed TC50’s of V and Fe were much 

larger: 3 mM and 4 mM, respectively.  Adamson et al. (2000), in their evaluation of 

atmospheric dusts via live rat lung instillation, also found that Zn was the primary culprit

in inducing inflammatory response, with all other metals present yielding insignificant 

effects.  Our studies also agree with Gavett et al. (1997), who observed significantly 

greater mortality in rats instilled with a high-Zn PM than in those instilled with a PM 

high in Fe, V and sulfate.  The mechanisms of Fe and V toxicity are likely related to their 
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ability to undergo oxidation-reduction reactions, thereby forming toxic reactive oxygen 

species (Slater, 1984; Halliwell and Gutteridge, 1986).  However, the inability of Zn to 

switch between multiple valence states indicates that a different mechanism is 

responsible for its cytotoxicity.  Although this mechanism is not well understood, one 

possibility is that high Zn may interfere with the coenzyme function of Zn or other 

essential ions (Vouk, 1986).  

Variations in culture medium blood-serum concentrations have been found to 

alter the apparent cytotoxicities of certain metals (Borenfreund and Puerner, 1986; 

Schmalz et al., 1997).  However, the experimental conditions used in their studies did not 

necessarily provide accurate models of in-vivo alveolar PM deposition, primarily due to 

their use of non-respiratory cell types.  In our studies, confluent alveolar epithelial cell 

monolayers were incorporated to mimic in -vivo alveolar structure.  Using this model, the 

abilities of Zn, Fe and V to reduce cell metabolism were evaluated in culture media with 

various serum concentrations.  These experiments indicated that serum has a large 

toxicity-reducing effect on Zn, a small effect on Fe, and no significant effect on V over a 

broad metal concentration range.  The effect of serum on Fe toxicity may be due to 

interactions with serum transferrin, and to a lesser extent ferritin, both of which are Fe-

transfer and/or Fe-storage proteins.  However, according to Hyclone, the total iron 

binding capacity in pure serum is approximately 0.04 mM, which would be further 

diluted in culture medium and would have little effect on free Fe concentrations under the 

conditions evaluated in this study.  Further evaluation of the serum effect on Zn toxicity 

illustrated that: 1) serum can have significant toxicity-reducing effects even at low serum 
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concentrations, and 2) these effects are due, mostly if not entirely, to serum albumin 

content.

Serum albumin binds strongly to Zn, with a log10KA on the order of 8 (Masuoka et 

al., 1993).  In the presence of excess Zn, the reduction in free Zn concentration will in 

most cases approximately equal the albumin concentration in solution.  For example, 

since the albumin concentration in pure serum is approximately 0.4 mM, culture medium 

containing 10% serum with 0.2 mM Zn added would contain approximately 0.04 mM Zn 

bound to albumin, leaving 0.16 mM of free Zn in solution.  If the reduction in Zn toxicity 

caused by the presence of albumin were due strictly to the reduction of free Zn in solution 

caused by Zn-albumin binding, one would expect the toxicity 0.2 mM Zn in 10% serum 

to be approximately the same as 0.16 mM Zn in serum-free medium.  However, a 

comparison of the Zn dose-response curves for 10% serum and no serum in Figure B.5 

illustrate that Zn-albumin binding does not explain all of this toxicity reducing effect.  

The difference in the curves between the no-serum and 2% BSA treatments is also too 

large to be due solely to the binding of Zn to albumin.  From these results, it appears that 

serum’s effect on Zn toxicity is due to both Zn-albumin binding and some other albumin 

characteristic, such as an ability to reduce cell sensitivity to Zn.  

In our experiments, cell cultures were grown to confluence in serum-containing 

culture medium, which was then replaced with the metal exposure treatment medium.  

Zn-exposure experiments indicated that simple replacement of serum-containing medium 

with the new medium did not eliminate the serum effect; additional washing and soaking 
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of the cell layers was necessary to remove the residual serum.  This fact further illustrates 

the sensitivity of Zn toxicity to serum components, and reinforces the importance of 

uniform, repeatable procedures in in-vitro metal toxicity assays.  Although our serum-

effect studies focused on Zn, albumin is also known to bind readily to other metals such 

as Cu (log10Ka = 16.2, Masuoka et al., 1993) and Ni (log10Ka = 9.6, Glennon and Sarkar, 

1982), making serum effects for these metals likely. 
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APPENDIX C: 

COLORIMETRIC ASSAY ADAPTATION AND PARTICULATE 

MATTER TOXICITY EVALUATION

The purpose of this appendix is to present some of the research performed during 

this dissertation project that is not presented in the two contribution papers that are 

provided in appendices A and B.  Specifically, this appendix provides information and 

results on three primary topics:

• Early troubleshooting and evaluation performed to adapt the in -vitro model and 

colorimetric assays to use for particulate matter toxicity evaluation;

• Coal-ash and oil-ash toxicity results not included in appendix A, including both dose-

response and time-course studies; and

• Evaluation of the contributions of the soluble and insoluble components of particulate 

matter to overall PM toxicity.

C.1. In-vitro model and colorimetric assay adaptation

Background

The research described in this dissertation began as an offshoot of a project 

overseen by the research groups of Dr. Jost Wendt of the Department of Chemical and 

Environmental Engineering, Dr. Mark Witten of the Department of Pediatrics, and Dr. 

Mark Riley of the Department of Agricultural and Biosystems Engineering, all of The 
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University of Arizona.  The overall goal of this project was to evaluate the toxicity of a 

wide variety of fossil-fuel combustion-generated particulate matter from around the 

world using in-vivo (live animal) models.  The Wendt group, working with research 

personnel of the Environmental Protection Agency in Research Triangle Park, NC, had 

primary responsibility for generating a wide variety of oil-combustion ashes, using 

different types of fuel oil and different boiler conditions.  The Wendt group also 

separated these ashes into different size fractions and performed chemical analyses of the 

resulting ash fractions.  The Witten group was primarily responsible for overseeing the 

live-animal testing, which involved exposing mice to inhalation of various types of 

particulate matter, maintaining the mice, and quantifying the toxic effects of the PM. 

Initially, in-vitro testing, in which an individual cell type, as opposed to a whole 

mouse, is exposed to PM, was also being performed on a limited scale in this project.  

The primary goal of this in-vitro testing was to identify types of PM that were “bad 

actors”, or particularly toxic.  By identifying bad actors in this way, the group desired to 

narrow the field of PM types to be evaluated in vivo, since in-vivo testing is much more 

time consuming and labor intensive then in-vitro testing.  In these early in-vitro tests, a 

line of type II rat alveolar epithelial cells (a cell type described in more detail in appendix 

F) was grown in plastic eight-well plates, the cells exposed to PM dispersed in culture 

medium for either 2 or 24 hours, and PM toxicity measured via trypan blue exclusion.  

Trypan blue is a vital stain that allows the researcher to discern between living and dead 

cells; dead cells and cell debris are stained blue, but living cells are not.  When measuring 

cell viability using this stain, a sample of both experimental (i.e. exposed to PM) and 
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control cells are taken, the dye added, and the number of living (i.e. unstained) and dead 

(i.e. stained) cells counted under a light microscope.

In-vitro evaluation of many types of PM was performed using the rat epithelial 

cell line and trypan blue exclusion early in the project, but unfortunately the results were 

poor.  For an in-vitro test, this method was quite time-consuming, requiring individual 

sampling, staining and cell counting for each replicate.  More importantly, the results 

from these tests had very large standard deviations, and were largely unrepeatable from 

test to test.  Using this method, it was impossible to make confident conclusions about the 

relative toxicities of various PM types.

Improvements upon the in-vitro testing of particulates were taken on by the Riley 

group, of which I was a member.  Our initial experimentation focused on trypan blue 

exclusion as well, with the goal of determining whether earlier problems with this method 

were inherent to the model, or could be eliminated with protocol adjustments.  Our initial 

experiments showed some improvement over earlier attempts, but still had unsatisfactory 

variability.  After performing these experiments numerous times, my strong suspicion 

was that this variability was due to the clumping of cells.  The alveolar epithelial cells 

used as the in-vitro model are adherent cells: they bind to the bottom of the vessel in 

which they are grown, and bind to adjacent cells to form a monolayer.  To perform 

microscope counts of these cells, they must first be treated with trypsin, an enzyme that 

breaks the bonds between adjacent cells and between the cells and the vessel bottom, and 

a sample then taken.  Unfortunately, the breaking of the bonds between cells was often 

incomplete, which resulted in large clumps of cells that were difficult or impossible to 



106

break up mechanically.  The presence or absence of these clumps on a microscope slide

had a large effect on cell numbers counted, and counts of samples from the same well 

often varied wildly.  The end result was that cell samples used in microscope counts were 

often heterogeneous and non-representative of the entire well.  In light of this inherent 

problem, as well as the time-consuming nature of trypan-blue exclusion testing, 

alternative in-vitro assays were sought.

Colorimetric Assay Selection

The limitations of trypan-blue exclusion as a means to measure the effects of a 

toxic substance on adherent cells, such as the type II rat lung epithelial cells used in this 

project, helped identify some desirable characteristics that a more effective assay or 

assays should provide.  These primary characteristics were:

• Usability with intact cell layers: The high variability observed with the trypan blue 

exclusion assay were due to the clumping of cells after their removal from their well 

bottoms.  An assay that can measure toxic effects on cells still attached to their well 

bottoms would eliminate this clumping problem.

• A simple, published protocol: This characteristic would make experiments less time-

consuming, and would reduce the time required to develop or adapt the assay for use 

with PM studies.

• Usability with 96-well plates: Experiments run on 96-well plates, which contain 8 

rows and twelve columns of identical wells, allow the experimenter to evaluate many 

test conditions with many replicates on the same plate (e.g. 12 conditions with 8 
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replicates each).  In addition, experiments run using these plates allow the use of a 

plate reader, a machine that can measure light absorbance at various wavelengths 

through all 96 wells at once.  This would represent a huge efficiency improvement 

over the trypan-blue exclusion method, in which each well is measured individually.

Three assays were chosen for evaluation, the Sulforhodamine B (SRB) assay, the 

Janus Green assay, and the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay.  All three of these assays are colorimetric assays, meaning toxicity 

is measured by the change in color intensity within the well.  These changes in color 

intensity are quantified as differences in light absorption within the wells at a specific 

wavelength.  All three colorimetric assays evaluated possessed the three desirable 

characteristics described above, but measured toxicity via different means.  

Cell Proliferation Assays

SRB is a red stain that stains proteins on the surfaces of cells (Skehan et al, 1990).  

Janus Green is a blue stain that stains cell mitochondria (Raspotnig et al. 1999).  These 

two assays are similar in that they are both effective at quantifying the total number of 

cells present in a well, but are not effective at differentiating between living and dead 

cells.  Therefore, these two assays are useful primarily as cell proliferation assays.  In cell 

proliferation assays, cells are added to the wells of the plastic plate and allowed to attach 

to the bottom surface.  The toxic substance, in this case particulate matter, is then added 

and incubated for the desired period, during which time cells exposed to different toxic 

treatments proliferate at different rates.  The cells are then stained, the extra stain rinsed 

off, the stain attached to the cells eluted, and the intensity of color in the wells measured 
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on a plate reader.  The larger the number of cells that are present in the well, the greater 

the amount of retained stain in the well, and therefore the greater the color intensity.  

Toxic materials hinder cellular proliferation, so the weaker the color intensity measured, 

the more toxic the treatment in the well.

Metabolic Assay

MTT operates differently.  Initially a yellow material, when added to living, 

metabolically active cells, MTT is taken in by these cells and metabolized, resulting in a 

blue crystalline product.  Therefore, instead of staining some cell component, the MTT 

assay measures the metabolic activity of cells (Mosmann, 1983).  The intensity of the 

blue color resulting from MTT metabolism in PM-exposed wells correlates inversely 

with PM toxicity: the less intense the blue color, the less metabolically active the treated 

cells, and therefore the greater the PM toxicity.  The MTT assay can be used as a cell 

proliferation assay, but, since it can differentiate between healthy and unhealthy cells, can 

also be used on confluent cell monolayers, or single layers of cells that cover the entire 

bottom surface of the well and are no longer actively proliferating.  Detailed protocols for 

all three assays are presented in Appendix D.

Cell Growth Protocols – Initial Troubleshooting

The cell-proliferation-based experiments measuring PM toxicity using the three 

colorimetric assays involved the same basic steps (described more thoroughly in 

Appendix D):  

• Seeding of the 96-well plates with cells in culture medium;
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• An incubation period during which these cells attach to the well bottoms and begin 

proliferation (usually 24 or 48 hours);

• Addition of PM to the wells, usually with 10 experimental columns and 2 control 

columns with 8 replicates each;

• An incubation period allowing additional proliferation; and

• Performance of the assay and color intensity measurement.

Initially, the seeding of the plates with cells was performed by adding 50 µL of cell-

containing culture medium to each well.  However, during this process bubbles were 

often formed in the culture medium, and the culture medium height was so low that the 

bubbles often touched the bottom of the wells.  This resulted in bare spots on the bottom 

of the wells where the bubbles touched them and the cells therefore did not grow, which 

caused substantial variability between replicates.  This problem was solved simply by 

seeding with 100 µL/well, which kept any bubbles floating above the well bottom 

surface.

Other problems were discovered at the step in which PM solution was added to 

the wells.  In the initial protocol, the seeding medium was removed from the wells one at 

a time using a pipet, and culture medium containing the PM was then added to each 

individually.  Experimental results from these early trials had large variability.  A 

possible cause of this problem was that, during the period after the seeding medium was 

removed and the new, PM-containing medium was added, the cells were drying out and 

dying.  To alleviate this potential problem, a new exposure protocol was adopted.  In this 

protocol, instead of removing the 100 µL of seeding medium from the wells prior to 
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exposure, the PM-containing medium was prepared at twice the desired exposure 

concentration, and 100 µL of it was added to the existing medium in each well, yielding 

200 µL of medium containing the desired PM concentration.  This enhancement yielded 

substantial improvements in variability between replicates of each treatment.  By using 

this enhanced protocol, and taking great care to deliver PM to the wells uniformly, 

standard deviations for the eight replicates of each treatment were usually less than five 

percent of the mean of the control absorbance.  This level of error is quite low for 

biological experiments, particularly when compared to the standard deviations observed 

using the initial seeding and PM-exposure protocols, which were usually closer to twenty 

percent.

Another problem relating to PM in the wells is illustrated by Figure C.1.  This 

figure presents the results from an experiment in which the toxicities of 17 PM types 

were measured at three exposure levels: 0.1 mg/mL, 0.2 mg/mL and 0.4 mg/mL.  For PM 

types B through K on the chart, the results suggest that the 0.2 mg/mL dose is more toxic 

than the 0.1 mg/mL dose, as would be expected, but that the 0.4 mg/mL dose is less toxic 

than the 0.2 mg/mL dose, which is counterintuitive.  The results for PM types D through 

J are even more counterintuitive.  For them, the toxicities seem to decrease with each 

increase in PM dose from 0.1 mg/mL to 0.4 mg/mL.  This phenomenon was traced to the 

effect of PM mass within the well on light absorption measurement.  At the highest 

exposure level, the amount of particulate mass is substantial, and it absorbs much of the 

light transmitted by the plate reader into the wells during color intensity measurement.  
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PM Toxicity at 3 Doses - SRB Assay
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Figure C.1.  Toxicity of 17 PM types at three exposure levels as measured by the SRB 
assay.  The apparent increase in viable cell number at higher exposure levels for many of 
the PM types, particularly for PM types B through J on the chart, illustrates the effect of 
large amounts of PM in the wells, which absorbs light during the measurement process 
and yields misleading results.
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This effect was initially interpreted as greater color intensity, and therefore less 

toxicity.  To alleviate this problem, the colorimetric assay protocols were slightly 

modified.  After the color elution step, in which the entrained stain (SRB and Janus 

Green) or blue crystals (MTT) were dissolved in a solvent, most of this liquid was then 

slowly transferred to new 96-well plates via multichannel pipet.  When done slowly and 

carefully, almost all of the solid PM remained in the old plate, and the new plate could be 

measured on the plate reader without the PM light-absorbing effect.  This protocol 

enhancement solved the problem, and was used in all subsequent experiments.

Comparison of the Assays

After development of useable protocols, all three colorimetric assays, SRB, Janus 

Green and MTT, yielded repeatable results with low standard deviations.  A subsequent 

step was to compare results from the three assays when evaluating the toxicities of 

identical PM treatments.  To make this comparison, three 96-well plates were seeded and 

identically exposed to one concentration of ten types of coal and oil ashes.  Each plate 

was then evaluated by one of the three assays (SRB, Janus Green, or MTT), and the 

results compared.  These results are shown in Figure C.2, which presents the PM toxicity 

results from least to most toxic in order according to MTT assay rank.  With a couple of 

minor exceptions, the ten PM types follow the same general trend from most to least 

toxic.  Figure C.3, a chart presenting the correlations between the assays, confirms this.  

Both the Janus Green and SRB results correlate strongly with the MTT results, with 

correlation coefficients of 0.92 and 0.91, respectively.  These results indicate that the 
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three assays provide consistent relative toxicity measurements, and are therefore 

somewhat interchangeable.  However, Figure C.2 illustrates a significant difference 

among the assays: the MTT assay provides a much larger dynamic range of 

measurement, and therefore greater measurement sensitivity than the other two: the range 

of measurement from the least to most toxic PM types is approximately 56 percentage 

points, compared to approximately 24 and 26 percentage points, respectively, for the 

Janus Green and SRB assays.  In light of its greater sensitivity, as well as its greater 

versatility (i.e. its usefulness in measuring both proliferating and non-proliferating cells), 

and simple protocol, the MTT assay was used in the majority of subsequent experiments. 

C.2.  Coal-ash and Oil-ash Toxicity Results

The quantitative and comparative analysis of various types of coal and oil ashes 

was the primary focus of this project.  One of the primary goals of these comparisons was 

to identify the particle characteristics that contribute to overall PM toxicity.  In this 

project, three characteristics were of particular interest: pre-combustion fuel composition, 

post-combustion particle chemical composition, and particle size.  

Coal-ash Results

In coal ash evaluations, two primary types were evaluated: ash resulting from the 

combustion of coal mined in Germany, and from coal mined in Ohio.  However, another 

topic of interest relating to coal ash toxicity was the effect of supplementing the coal with 

municipal sewage sludge (MSS) prior to burning.  MSS had been touted as a “green 

fuel”, and was being used to supplement coal as a fuel for power plants in Europe.  
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PM Toxicity Quantification via Three Assays
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Figure C.2.  10 types of coal and oil ash with toxicity measured by the SRB, Janus Green 
and MTT assays, ordered from least toxic to most toxic as measured by the MTT assay.
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Figure C.3.  Correlations between toxicity measurements of 10 PM types using the SRB, 
Janus Green and MTT assays.  Diamonds represent the correlation between Janus Green 
and MTT assay results, and squares represent the correlation between SRB and MTT 
assay results.
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However, in their in-vivo studies, Fernandez and coworkers had found the ash from the 

combustion of MSS-supplemented coal to be much more toxic in animal studies than the 

ash from the combustion of coal alone (Fernandez et al., 2001).  Therefore, one goal of 

the in-vitro studies on the same ash was to determine whether the in-vitro model also 

identifies a difference in toxicity between MSS-supplemented and pure coal ash.  

To perform these comparisons, dose-response and time-course studies were 

undertaken using numerous PM types.  Figure C.4 shows the results of a dose-response 

experiment evaluating Ohio and German coal ash, both with and without 20% MSS 

supplementation prior to combustion, as measured by the SRB assay.  The curves for all 

four PM types show the expected shape, with approximately 70% cell growth inhibition 

as compared to control wells at 50 µg/well, or 500 µg/mL, for all four.  However, unlike 

the findings from experiments in the Wendt group, there is no significant difference in 

the toxicity behavior between MSS and non-MSS coal ashes after a 48-hour exposure 

period.  Figures C.5 and C.6 show results of 48-hour time-course studies with the MTT 

assay for the same four coal ashes at exposure levels of 25 µg/mL and 100 µg/mL, 

respectively.  As in the dose-response experiment in Figure C.4, in these time-course 

studies there was no significant difference in the toxicities of the four ash types.  As 

Figure C.5 illustrates, there was no significant toxic effect at the exposure level of 25 

µg/mL for any of the four at any point over the entire 48 hours.  Figure C.6 illustrates a 

small toxic effect for all four ash types which develops over the first 24 hours of 

exposure, with the effects ranging from 9% to 18% metabolic inhibition at the 24-hour 

mark.  However, cells exposed to all four ash types then show metabolic recovery, with



117

Figure C.4. Dose-response experiment evaluating the toxicities of Ohio and German coal 
ash, both with and without 20% fuel supplementation with municipal sewage sludge 
(MSS). PM toxicity measured as PM-exposed cellular proliferation relative to unexposed 
control wells by the SRB assay. 
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Figure C.5.  Time-course experiment measuring the toxicity of 25 µg/mL of Ohio and 
German coal ash, both with and without 20% fuel supplementation with municipal 
sewage sludge (MSS).  PM toxicity measured as PM-exposed cellular metabolism 
relative to unexposed control wells by the MTT assay.
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Figure C.6.  Time-course experiment measuring the toxicity of 100 µg/mL of Ohio and 
German coal ash, both with and without 20% fuel supplementation with municipal 
sewage sludge (MSS). PM toxicity measured as PM-exposed cellular metabolism relative 
to unexposed control wells by the MTT assay.
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all four at or near the control metabolic activity after 72 hours.  These results, using the 

MTT assay, suggest adaptation to the toxic effect of exposure to the coal ash, and the 

recovery of metabolic activity is likely due to one of two phenomena:

1. Some cells were initially killed, but the remaining cells adapted and proliferated to 

replace the dead cells; or

2. The PM toxicity was sub-lethal, resulting in temporary metabolic inhibition from 

which the adaptive cells later recovered.

Oil-ash Results

In oil ash evaluations, the effects on toxicity of numerous fuel oil and particle 

characteristics were measured, specifically:

• #5 fuel oil vs. #6 fuel oil (two commonly used oil types);

• particulate transition metal and sulfur concentrations; and

• particle size, specifically coarse (>2.5 µm diameter) vs. fine (<2.5 µm diameter) 

particles.

Figures C.7 and C.8 present time course studies for four types of oil ash at 

exposure levels of 25 µg/mL and 100 µg/mL respectively.  As in the low -dose 

experiment for coal ash in Figure C.5, the 25 µg/mL doses of all four oil-ash types have 

little toxic effect over the entire 48-hour time course.  However, as Figure C.8 illustrates, 

differences among the toxic effects of the four are apparent at the 100 µg/mL dose.  The 

#5, low sulfur, fine PM is clearly the most toxic, with increasing metabolic inhibition 

over the entire 72 hours, culminating in approximately 68% metabolic inhibition as 

compared to the control.  In contrast, the three coarse particles are much less toxic; the
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Figure C.7.  Time-course experiment measuring the toxicity of 25 µg/mL of #5 and #6 oil 
ash, with various fuel-oil sulfur concentrations and particle size fractions. PM toxicity 
measured as PM-exposed cellular metabolism relative to unexposed control wells by the 
MTT assay.
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Figure C.8.  Time-course experiment measuring the toxicity of 100 µg/mL of #5 and #6 
oil ash, with various fuel-oil sulfur concentrations and particle size fractions. PM toxicity 
measured as PM-exposed cellular metabolism relative to unexposed control wells by the 
MTT assay.
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#6, high sulfur, coarse PM exposure yields only approximately 33% metabolic inhibition, 

and the medium-low-sulfur coarse ashes yield no significant metabolic inhibition after 72 

hours.  This strongly suggests that particle size is a primary factor in PM toxicity, more 

so than the sulfur content of the pre-combustion fuel oil.  This finding is likely due to one 

or a combination of two factors:

1. The fine particle fraction of fossil-fuel combustion is largely produced by a 

different particle-formation mechanism than the larger fraction, (discussed in 

more detail in appendix F), and generally contains higher concentrations of 

several transition metals; and

2. Smaller particles have a larger surface-area-to-volume ratio, which allows more 

toxic soluble components leach out of the particles and affect the cells.

C.3 Soluble vs. Insoluble PM fraction toxicity 

As suggested above, the concentration of soluble metals is a likely factor in 

determining PM toxicity, but the extent of this contribution is poorly understood.  To 

better understand the nature of PM toxicity to the lung alveoli, the relative roles of the 

insoluble and soluble fractions of PM in overall PM toxicity was investigated.  In an 

experiment illustrated in Figure C.9, the toxicity of 1.0 µm diameter latex beads at two 

exposure levels was evaluated over 24 hours.  Latex beads were chosen because they are 

benign, with no significant solubility, and provide an evaluation of a baseline effect of the 

presence of an inert particle without soluble metal content.  As the figure illustrates, the 
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latex beads had little if any toxic effect, thereby supporting the hypothesis that the soluble 

fraction of PM is the major contributor to toxicity.

However, the experiment in Figure C.10 suggests that the relative contributions of 

the soluble and insoluble fractions are PM-dependent.  In this experiment, the soluble and 

insoluble portions of the fine and coarse fractions of the same oil combustion ash, 

represented as L and GG respectively in Figure C.10, were compared.  To perform this 

experiment, some of each PM was mixed in saline solution and incubated at room 

temperature for 24 hours, during which time much of the soluble fraction of the PM was 

allowed to dissolve into solution.  After this period, both the solution (leachate) and the 

remaining PM solids (post-leaching PM) were collected.  For each of the two ashes, the 

toxicities of four treatments were then compared: whole PM, PM leachate only, post-

leaching PM only, and leachate plus 100 µg/mL of 1.0 µm latex beads.  As Figure C.10 

illustrates, the relative toxicities of the four treatments were quite different for the two 

ash types.  For GG, the coarse fraction of the oil ash, the two leachate-containing 

treatments had no toxic effect, whereas the post-leaching PM toxicity was essentially the 

same as the whole PM.  In contrast, for L, the fine fraction of the oil ash, the toxicities of 

the leachate and post-leaching PM were both large and essentially the same, and both 

appear to be significant contributors to overall PM toxicity.  This experiment supports the 

suggestions that soluble components in fine particles are more concentrated and/or more 

soluble than those in coarse particles of the same combustion ash, but that both the 

soluble and insoluble fractions contribute significantly to PM toxicity for both.
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Figure C.9.  Time-course experiment evaluating the effect of cell exposure to 1.0 µm 
diameter latex beads at 25 µg/mL and 100 µg/mL exposure levels, as measured by the 
MTT assay.
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Figure C.10.  The comparative toxicities of 100 µg/mL of whole PM, PM leachate, the 
solid portion of PM after leaching, and PM leachate with 100 µg/mL of 1 µm diameter 
latex beads for two size fractions of the same oil ash.  GG is the coarse (>2.5 µm 
diameter) fraction, and L is the fine (<2.5 µm diameter) fraction.
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Conclusions

After some protocol modifications, the pairings of in-vitro rat type II alveolar 

epithelial cell culture with the SRB, Janus Green and MTT assays yielded PM toxicity 

results with low standard deviations.  Although these three assays operate differently, 

they all ranked the toxicities of ten PM types similarly.  For measuring the effects of PM 

exposure on cell proliferation, the SRB, Janus Green and MTT assays are therefore for 

the most part interchangeable.  However, since the MTT assay can also be used to 

measure the effects of PM exposure on confluent monolayers of cells and has a greater 

dynamic range, it appears to be the most effective of the three.  

Using these three assays, the toxicities of Ohio and German coal ash were similar 

in both dose-response and time-course experiments, and the addition of 20% municipal 

sewage sludge to the coal prior to combustion had no discernable effect on the toxicities 

of the resulting ash in these in-vitro experiments.  This result contradicts Fernandez and 

coworkers (2001), who, in live-mouse exposure experiments, found the ash from MSS-

supplemented coal to be significantly more injurious to lung tissues than the ash from 

pure coal.  This contradiction may be the result of a shortcoming of the single-cell 

alveolar model used in this study, or may be related to cell-culture conditions (i.e. blood 

serum concentration).

In time-course experiments evaluating the toxicities of different types of oil ash, 

an exposure level of 25 µg/mL was not significantly toxic for any of the four oil ashes 

tested.  However, at 100 µg/mL, fine ash caused a much larger reduction in cellular 

metabolism (68% inhibition after 72 hours) than any of the three coarse ashes (33% 
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inhibition or less after 72 hours).  This result further illustrates the importance of particle 

size on PM toxicity: fine particles are substantially more toxic than coarse particles to in-

vitro lung cell cultures. 

In an experiment investigating the relative contributions of water-soluble and 

water-insoluble components of oil ash to overall PM toxicity, coarse and fine particles 

from the same PM sample behaved differently.  For coarse particles, the effect of the 

water-soluble components on the cells was negligible; essentially the entire toxic effect of 

these particles was caused by the water-insoluble fraction.  In contrast, for the fine 

particles, the water-soluble and water-insoluble fractions of the ash appeared to 

contribute approximately equally to overall PM toxicity.  This difference between coarse 

and fine particles is likely due to one or a combination of two factors.  First, particles 

with smaller diameters have a larger surface area-to-volume ratio than those with larger 

diameters, which facilitates leaching of soluble components.  Second, the smaller and 

larger particles may have been formed via different mechanisms, resulting in significantly 

different chemical compositions.  For example, the fine PM fraction may have been 

composed largely of particles formed by nucleation, which often yields particles with 

high concentrations of water-soluble transition metals, whereas the coarse PM fraction 

may have been largely composed of particles formed by another mechanism.  Appendix 

E describes particulate matter formation mechanisms in more detail.
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APPENDIX D: LABORATORY PROCEDURES

The laboratory procedures used in this study can be separated into three 

categories: cell culture procedures (including the maintenance of cells prior to use in 

experiments and the seeding of 96-well plates with cells prior to experimentation), PM 

and metal exposure procedures, and colorimetric assay procedures.

Cell Culture Procedures

RLE-6TN cells, a rat type II alveolar epithelial cell line (ATCC, Rockville, MD), 

were used in all experiments.  Early in the study, these cells were grown in BRFF-RLuE 

(BRFF, Ijamsville, MD), a liquid culture medium specially designed for rat lung 

epithelial cells that contained 15% fetal calf serum (FCS) to provide nutrients and 

stimulate cell growth.  However, when this medium was phased out by its manufacturer, 

the rat lung epithelial cells were adapted to and grown in Dulbecco’s Modified Eagle’s 

Medium – Ham’s F12 1:1 mixture (DMEM-F12), a commonly used liquid culture 

medium purchased from Sigma (St. Louis, MO).  This medium was supplemented with 

10% newborn calf serum (NCS) from Hyclone (Logan, UT).  In both cases, the cells were 

grown on the inside bottom surfaces of sterile plastic flasks, called “T-flasks”, with 

approximately 8 mL of medium in a cell culture incubator maintained at 37 ºC and 5% 

CO2.  To prevent contamination of the flasks with foreign microorganisms such as 

bacteria or fungi, culture medium in the flasks were replaced as necessary in a laminar 

flow hood using sterile technique.  
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When these alveolar epithelial cells are seeded into a flask or plate, they settle to 

the bottom surface of the vessel, attach to this surface, and proliferate until the entire 

bottom surface of the vessel is covered by a single layer of cells, called a confluent 

monolayer.  If these cells are left as confluent monolayers for long, they form bonds with 

neighboring cells that result in undesirable multi-cell clumps when removed from the 

vessel.  Because of this, when flasks were just at or near confluence (determined by 

examining the cell layer under an inverted microscope), the cells were removed from the 

surfaces of the flasks and used to seed new flasks.  In this process, the culture medium in 

each flask was removed via sterile pipet from the flask and a solution of the enzyme 

trypsin added to each flask for five minutes.  This enzyme severs the bonds between the 

cells and the flask bottom, and between adjacent cells.  After five minutes, warmed 

culture medium containing animal blood serum (e.g., NCS) was added to each flask.  To 

remove the trypsin from the cells, the detached cell-trypsin-culture medium solution was 

then transferred to a sterile centrifuge tube and centrifuged so that the cells formed a 

pellet at the bottom of the tube.  The old solution over this cell pellet was then poured off, 

new sterile culture medium added, and the cell pellet broken up in the new medium by 

repeated inversion and tapping of the centrifuge tube.  The resulting solution of 

suspended cells was then transferred to new sterile flasks.  To allow cell proliferation in 

each flask, a new flask was generally seeded with approximately 1/3 or 1/4 of the 

contents of the confluent donor flask.  After this type of seeding, the new flask would 

reach confluence after approximately four days, at which time the process would be 

repeated.
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When 96-well plates were prepared for use in cytotoxicity experiments, the 

trypsinization and seeding processes were similar, with a couple of exceptions.  In this 

case, 1% antibiotic-antimycotic solution (Sigma, St. Louis, MO) was added to the culture 

medium to further prevent bacterial and fungal contamination, and the wells in the plates 

were seeded with 100 µL of medium/well.  The cell density in the seeding medium also 

differed.  In cell-growth inhibition experiments (SRB, Janus green, and some MTT runs), 

the goal was to evaluate the effects of PM on the rate of cell proliferation.  Therefore, to 

provide a longer time between seeding and confluence, the wells were seeded with fewer 

cells per bottom surface area than normal T-flasks, usually at a cell density equivalent to 

1/8 of the confluent cell density of the source T-flask, and allowed to attach and 

proliferate for 24 hours prior to PM exposure.  In cytotoxicity experiments evaluating 

confluent layers of cells (MTT only), wells were seeded at a cell density equivalent to 1/3 

of the confluent cell density of the source flask, like normal T-flasks, and allowed to 

grow to confluence for 72 hours prior to PM exposure.

PM Exposure Procedures

PM's were stored dry (i.e. in powder form) at room temperature in sealed plastic 

centrifuge tubes.  Immediately before each use, solid PM's were added to 10 mM 

phosphate-buffered saline (PBS) solution (a common biological buffer), pH 7.4, and 

mixed thoroughly by rapidly pulling and pushing the solution through a pipet, a process 

known as trituration.  The resulting mixture was added to culture medium with 2% 

antibiotic-antimycotic solution (10% PBS- PM mixture, 90% medium).  This solution was 
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triturated, and 100 µL added to the 100 µL of seeding medium in each well.  The plates 

were returned to a 37 ºC, 5% CO2 environment for the desired exposure time.

Metal Exposure Procedures

Metal salts were purchased from Aldrich (St. Louis, MO).  For all metals 

evaluated, chloride salts were exclusively used to avoid the introduction of additional, 

non-uniform toxic effects due to anions.  Stock solutions of metal salts were prepared 

immediately before use in 10 mM PBS, pH 7.4, at concentrations ten times the desired 

exposure concentrations.  These stock solutions were then added to culture medium at a 

1:9 ratio, the resulting solution mixed via trituration and gently added to the cell layers in 

the 96-well plates.  All metal exposures were performed for 24 hours in the cell culture 

incubator at 37 °C and 5% CO2.  Each exposure treatment and control (using blank PBS 

instead of a metal stock solution, and otherwise treated identically) was conducted in a 

column of the 96-well plate, yielding eight replicates per treatment.  

In Appendix B, experiments were performed to investigate the effects of albumin, 

a protein prevalent in animal blood sera such as FCS and NCS, on the toxicity of metals.  

In these experiments, lyophilized bovine serum albumin (BSA), purchased from Sigma, 

was gently dissolved into the DMEM-F12 medium prior to the addition of the metal stock 

solutions.
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Colorimteric Assay Procedures

SRB Assay

The Sulforhodamine B (SRB) assay (Skehan et al, 1990) was used as a cell 

proliferation assay, in which the toxicity of PM was quantified as a reduction in cellular 

proliferation rate.  This was measured by quantifying the intensity of red SRB stain 

attached to cell proteins in each well.  After the cell layers had been exposed to PM for 

the desired time, they were fixed to the well bottoms by adding 50 µL of cold 50% 

trichloroacetic acid to the 200 µL of medium in each well and incubating the plate at 4 ºC 

for 1 hour.  The wells were then drained, rinsed 5 times with Nanopure (finely filtered) 

water, and air dried.  0.4 % (w/v) SRB in 1% glacial acetic acid was then added (50 

µL/well), and the plate incubated for 30 minutes.  Unbound dye was then drained and 

removed completely via 4 rinses with 1% glacial acetic acid, with sharp flicks of the plate 

after each rinse.  After air drying the plate completely, the dye was solubilized by adding 

150 µL/well of 10 mM Tris base (a common biological buffer), pH 10.5, and hand 

swirling for 5 minutes.  The plate was then transferred to a visible light plate reader, and 

absorbance at a light wavelength of 540 nm was measured.    

Janus Green Assay

Like the SRB assay, the Janus Green assay (Raspotnig et al. 1999) was used as a 

cell proliferation assay.  However, instead of staining cell proteins red, this assay stains 

cell mitochondria blue.  After cells had been exposed to PM for the desired amount of 

time, culture medium was removed completely from the wells via pipet, and 50 µL/well 
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of 50% ethanol was added to fix the cell layers to the well bottom.  After a 30-minute 

incubation, the fixative was removed completely, and 50 µL/well of Janus green solution 

[0.2% (w/v) Janus green B in PBS (pH 7.2)], was added and incubated for 3 minutes at 

room temperature.  The unbound stain was then removed via pipet, and the plate 

sequentially dipped and lightly shaken for 30 seconds in two 5-liter tanks of deionized 

water to remove residual stain.  Water was removed completely and the bound dye eluted 

from the cell layer in 150 µL/well of 0.5 N HCl by hand swirling for 3 minutes.  

Absorbance at 620 nm was then measured, also on a visible light plate reader.

MTT Assay

The MTT assay (Mosmann, 1983) was used both as a cell proliferation assay, and 

as a confluent monolayer assay, in which the effects of PM or metals on the metabolic 

activity of a confluent monolayer were quantified.  In both cases, the procedure was the 

same.  First, 5 mg/mL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT, Sigma) in PBS, pH 7.4, was prepared and syringe filtered at 0.45 µm (to remove 

undissolved solids) immediately before each use.  20 µL of MTT solution was added to 

the 200 µL of medium in each well, and the plate incubated at 37 ºC for 3 hours.  The 

wells were then drained completely via pipet, and 120 µL of dimethyl sulfoxide (DMSO), 

a solvent, was added to each well to dissolve the crystalline formazan product.  The plate 

was hand swirled and tapped for approximately 3 minutes, or until all crystals were 

dissolved.  Absorbance was then measured at 540 nm.  
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In all three assays, PM residue in the bottom of the wells was found to absorb 

light significantly at the measurement wavelength (540 nm for SRB and MTT, 620 nm 

for Janus green).  This often gave misleading absorbance readings that indicated higher 

levels of cell proliferation (SRB, Janus Green) or cellular metabolism (MTT) than 

actually existed.  To alleviate this problem, after a plate was read, 100 µL/well of the 

eluted stain solution was slowly pipetted from the wells and transferred to a new plate, 

leaving the PM residue in the original.  
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APPENDIX E: PARTICULATE MATTER FORMATION 

MECHANISMS

Particulate matter formed by fossil-fuel combustion is not a uniform product.  The 

combustion of a single type of coal or oil can generate a broad range of particulate sizes, 

from hundreds of microns to a small fraction of a micron in particle diameter.  This broad 

range of sizes is due to the fact that particulate matter is generated via several different 

mechanisms during the fuel preparation, combustion and effluent-scrubbing processes.  

The formation mechanism responsible for a particle largely determines the resulting 

particle size, and also has a large influence on its chemical composition.  Although some 

particulate-generating mechanisms are not yet perfectly understood, five primary 

mechanisms seem to be responsible for the bulk of particulate matter produced in a fossil-

fuel fired boiler.  In chronological order of formation, these are physical attrition, 

combustion particle burnout, homogeneous nucleation, heterogeneous nucleation, 

and droplet evaporation (Hinds, 1999). 

Physical attrition is simply the formation of particles via physical reduction in 

size of a source material.  To facilitate complete and efficient combustion in the boiler, 

fossil fuel feed stocks must have a high surface-area-to-mass ratio.  For coal, this is 

achieved by pulverizing, and for oil, it is generally achieved by atomizing the oil into 

small droplets.  Physical attrition yields large particles that fall primarily in the 10 to 

1000 µm diameter range.  Accordingly, only a very small fraction of particles generated 

via physical attrition are respirable.  Since physical attrition is by definition simply a 
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physical manipulation of the source fuel, the resulting particles have identical chemical 

compositions to their source material.

The next particulate formation step chronologically in the combustion process is 

combustion particle burnout.  When the source coal or oil is introduced into the furnace 

of the boiler, the volatile components of the source particles vaporize.  This volatile 

fraction includes most of the organic compounds, which are oxidized into the final waste 

products of carbon dioxide and water, and inorganic metals.  As these volatile 

components are removed from the fuel particles, the solid component is reduced to char, 

the slow-burning organic fraction, most of which eventually burns in the furnace, and 

then to ash, or incombustible matter.  The combustion particle burnout process reduces 

the size of solid particulate approximately ten-fold, from source particles of 

approximately 10 to 1000 µm in diameter to ash particles of approximately 1 to 100 µm 

in diameter.

As the volatile components of the source fuel particles exit the boiler furnace, 

they enter a series of heat-exchange zones in which the hot vapor is used to superheat 

steam.  During this process the temperature of the vapor drops dramatically.  As this 

temperature drop progresses, certain components of the volatile material begin to reach 

their dew points, or the temperatures at which they nucleate into solid matter.  This 

process, called nucleation, can be seperated into homogeneous nucleation and 

heterogeneous nucleation.  In homogeneous nucleation, a new particle is formed from a 
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single type of nucleating vapor.  In contrast, in heterogeneous nucleation, nucleating 

vapors of various compositions deposit on preexisting particles, yielding a particle of 

heterogenous composition.  A large fraction of nucleating material is composed of metals 

and metal compounds; therefore, particles generated via homogeneous and heterogeneous 

nucleation generally have higher metal concentrations than their source material.  Both 

heterogeneous and homogeneous nucleation produce small particles that are well within 

the respirable range, primarily occupying a diameter range between 0.1 µm and 1 µm.

Gas streams downstream from the heat exchangers often enter one or more air 

pollution control systems to remove pollutants prior to release into the environment.  In 

some of these pollution control systems, cooling water recycled from wet scrubber 

systems is first atomized into small droplets and injected into the gas stream.  As the 

water evaporates, solids entrained in the water droplets are released as solid particulates 

in a process called droplet evaporation.  Although this process is not fully understood, it 

likely produces particles between 0.1 µm and 20 µm in diameter (Hinds, 1999). 
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APPENDIX F: ALVEOLAR STRUCTURE AND FUNCTION

The in-vitro exposure experiments described in this project seek to model the 

deposition and health effects of airborne particulate matter in the respiratory system.  To 

understand these processes, a basic understanding of respiratory pathway traversed by 

inhaled air, as well as respirable particulate matter, is necessary.  This goal of this 

appendix is to provide this basic understanding, with an emphasis on the structure and 

function of the air sacs, or alveoli, where gas exchange takes place and where respirable 

airborne particulate matter primarily deposits.  In addition, this appendix will briefly 

describe the mechanisms by which respirable particulate matter deposits in various parts 

of the lung.

Overall Airway Structure

The respiratory system can be divided into the conducting system, which is 

responsible for conducting air into and out of the lungs, and the respiratory portion, in 

which oxygen-carbon dioxide exchange takes place.  

The Conducting System

The entrance to the conducting system is the nostrils, where large particles are 

filtered out by the coarse nostril hairs.  Air and inhalable particles procede to the pharynx, 

or the back or the oral cavity, through the flap-like epiglottis, through the larynx, and into 

the trachea.  The trachea is lined with respiratory epithelial cells, which serve to moisten 
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and heat or cool inhaled air, and a mucus membrane, which, among other things, traps 

most inhaled particulates larger than 10 µm in diameter.  Below the epithelial cell layer is 

a flexible layer of interconnected proteins, called a lamina propia, with an elastic property 

that allows the expansion and contraction associated with inhalation and exhalation.  

Supporting the trachea along its length are horseshoe-shaped cartilages that also help 

maintain tracheal structural stability during inhalation and exhalation.

The trachea branches into two smaller tubes called the primary bronchi, one each 

for the left and right lung.  These primary bronchi are similar to the trachea in structure, 

with the same epithelial cell type and similar cartilage support.  The primary bronchi 

enter each of the two lungs, and branch into secondary bronchi: three in the right lung 

and two in the left lung (corresponding to the three and two lobes of the right and left 

lungs, respectively).  The bronchi continue to branch 18-24 times into smaller tubes and 

penetrate deeper into the lobes of the lung.  When the bronchi reach less than 5 mm in 

diameter, they are called bronchioles (Gest and Schlesinger, 1995).

Bronchioles continue to branch in a 1:2 fashion into smaller bronchioles.  Unlike 

the trachea and bronchi, bronchioles are not surrounded by cartilage.  The final 

branchings of the bronchioles yield terminal bronchioles.  These bronchioles are 

approximately 0.5 mm in diameter.  The epithelium of these bronchioles are different 

than those of the upper respiratory tract: it is composed of ciliated (i.e. fine finger-like 

projection-containing) epithelial cells, and Clara cells, which are thought to contribute in 

some fashion to the production of pulmonary surfactant (Komaromy and Tigyi, 1988).  

Inhaled particulate matter that is larger than approximately 10µm in diameter usually 
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deposits on the epithelium somewhere between the trachea and the terminal bronchioles.  

Through a process called the "mucus escalator", the ciliated epithelial cells and mucus 

lining most of the respiratory tract carry the deposited particles back up the airway, where 

it is coughed up or swallowed.  Terminal bronchioles end in alveolar ducts, each of which 

contains numerous openings that lead to the alveoli, where gas exchange takes place.  A 

variation of the terminal bronchiole is the respiratory bronchiole, which is similar in size 

to the terminal bronchiole, but has alveoli embedded in its walls (Sherwood, 2001).

The Respiratory Portion

 The alveoli are thin-walled sacs in which oxygen transports into the body and 

carbon dioxide transports out of the body.  There are approximately 300 million alveoli in 

the human body, which provide approximately 140 m2 of air-cell interface (Marieb, 

2002).  Alveoli are approximately polyhedral in shape with a diameter of roughly 200 

µm, and are primarily grouped in grape-like clusters with substantial inter-alveolar 

contact.  Air flows between adjacent alveoli through gaps called pores of Kohn.  This 

inter-alveolar communication provides homogeneity of alveolar pressure, and offers 

alternative air pathways if individual alveoli become obstructed. 

The lumen (i.e. inner wall) of the alveolus is composed primarily of two types of 

cells: type I and type II alveolar epithelial cells, also called type I and type II 

pneumocytes.  Type I epithelial cells provide the cellular barrier through which oxygen 

and carbon dioxide easily diffuses.  These cells represent the large majority 

(approximately 95%) of the alveolar interior lining, although they comprise only 
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approximately 35% of the total number of cells in the alveolar lumen.  This seeming 

contradiction is due to the fact that type I pneumocytes are stretched very thin over the 

alveolar lumen surface, which minimizes the trans-cellular barrier to gaseous diffusion 

(Gartner and Hiatt, 2001).

Type II epithelial cells are cuboidal, ciliated cells contribute little to gaseous 

transport, but have two very important functions.  One of these functions is to provide 

new type I cells.  Type I cells cannot proliferate themselves, so, when they die, type II 

cells dedifferentiate and transform into type I cells, thereby maintaining the integrity of 

the blood-air barrier.  The other function of type II cells is to produce surfactant, a 

mixture that is composed primarily of phospholipids, but also contains neutral lipids and 

proteins.  This surfactant is critical because it greatly reduces the surface tension of the 

thin water layer on the lumen surface, which, without the presence of surfactant, would 

cause the alveoli to collapse upon exhalation (Daniels and Orgeig, 2003).   Surfactant is 

stored in type II cells prior to use in inclusions called lamellar bodies.  These vesicles of 

surfactant are released from the cells as needed via exocytosis.  Due to their cuboidal 

shape, type II cells only represent approximately 3% of the inner alveolar surface area, 

but comprise approximately 65% of the total cell number.  A third type of cell present 

inside the alveoli is the macrophage, or dust cell.  These cells travel along the alveolar 

epithelium removing respired particulate matter.  When no longer functional, these cells 

are expelled into the bronchioles and removed via the mucus escalator.

The alveoli are wrapped by networks of thin-walled capillaries, which carry the 

blood that undergoes gaseous exchange with the alveolar air.  Between the thin type I 
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epithelial cells and the capillary walls is a thin membrane of proteins called the basal 

lamina that provides a support scaffolding for the epithelial cells.  The type I cells, basal 

lamina and capillary wall comprises the "blood-air barrier" which oxygen and carbon 

dioxide must traverse.  This barrier is 0.2-0.5 µm in thickness, and is highly permeable to 

these two gases.  As venous (oxygen-poor, carbon-dioxide rich) blood passes through 

these capillaries, carbon dioxide diffuses out of the blood to the alveolus, and oxygen 

diffuses from the alveolus into the blood.  Frequent inhalation and exhalation provide 

constant large oxygen and carbon dioxide concentration gradients across the blood-air 

barrier, which facilitate rapid gas exchange (Ross et al., 2002).  

Particulate Matter Deposition in the Lung

The air pathways through the conducting and respiratory systems of the lung can 

be thought of as a multi-stage filter for inhaled particulate matter.  As PM penetrates 

deeper into the lung airways, progressively smaller particles are deposited on the lung 

tissues.  However, the mechanisms causing PM deposition depend on particle size and 

location in the lung.  Figure F.1 shows a simplified representation of lung pathways and 

the mechanism of PM deposition in each region.  As the figure shows, deposition in the 

throat, trachea and bronchi is primarily due to impaction.  Impaction occurs in these 

regions due to a combination of relatively high air velocities and the existence of abrupt 

directional changes.  Larger, non-respirable particles (> 4 µm MMAD), which are 

subjected to greater inertial forces, are less able to make such sharp turns, and are 

therefore more likely to deposit in the upper portions of the respiratory tract.  As air 
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occur due to sedimentation; larger particles have faster settling times than smaller 

particles, and therefore are more likely to settle and deposit on the airway tissue.  

Figure F.1. Particle deposition mechanisms in various parts of the lung. Adapted from 
BUWAL, 1998.
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Respirable particles (< 4 µm aerodynamic diameter) that reach the alveoli are 

subjected to negligible air velocities.  In the absence of convection, weaker forces, 

namely diffusion and electrostatic interactions between particles and alveolar tissue, 

cause particle deposition in the alveoli (BUWAL, 1988).
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APPENDIX G: CURVE FITTING TO TIME-COURSE TOXICITY 

PROFILES

For several of the particulate matter time-course experiments performed in this 

study, the resulting graphs showed an increasing toxic effect, with overall cellular 

metabolic rates decreasing over time.  An example of this phenomenon can be seen in 

Figure C.8, in which the overall metabolic rates of rat lung epithelial cells exposed to 100 

µg/mL of four types of oil ash decreased over the first 24 hours of exposure.  Although 

the different types of oil ash caused different levels of metabolic decline, all four curves 

have similar shapes: a fast initial metabolic decline followed by a tapering-off of the 

apparent toxic effect.  From visual inspection, this shape appears similar to the 

exponential decay equation, a generic form of which is:

t
ffcalculated eYYY α)100( −+=

where t is elapsed time, and Yf and α are empirical coefficients.  To determine whether 

the development of PM toxicity over time can be well described by the exponential decay 

equation, curves of this type were fit to PM time-course toxicity data, and the goodness-

of-fit was evaluated.

To perform this analysis, the data from the oil-ash time-course study illustrated in 

Figure C.8 was used.  Since cells exposed to some of the oil-ash types exhibited an 

apparent recovery in metabolic activity over time, only data points through the 24-hour 

sampling were used.  Using this data, exponential decay curves of the form shown above 
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were fit to each time-course profile using the Microsoft Excel Solver function.  This 

function was used to minimize the sum-of-squares errors between the actual data for each 

series and a fit curve by manipulating the coefficients Yf and α.  For each optimized 

curve, the coefficient of determination (R2) was calculated to evaluate the goodness-of-fit 

for each curve.  The curve-fitting results and the graphs for each of the four oil-ash time 

series are shown in Figures G.1 through G.4. 

In each of these figures, the column labeled “Actual” shows the actual series data.  

The “target cell” for Solver is the sum-of-squares total, which is minimized by 

manipulating Yf and α, shown in boxes to the right of the data columns.  As the figures 

show, the R2 values for all four series were above 0.90, ranging from 0.99 for #6 oil, high 

sulfur, coarse, to 0.91 for #6 oil, medium sulfur, coarse.  These R2 values, as well as the

graphs shown for each data series, indicate that the exponential decay equation provides a 

good model for temporal PM toxicity under certain conditions.  
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#5 Oil, Low S, Fine
Hours Actual Calculated Calc-Actual (Calc-Actual)2

Yf α
0 100% 100% 0% 0.0000 0.582231 0.13294
2 94% 90% -4% 0.0013
6 72% 77% 5% 0.0023 R2 = 0.958981
12 70% 67% -4% 0.0013
24 59% 60% 1% 0.0001

sum of squares 0.0050

Oil Ash Toxicity - #5 Oil, Low S, Fine
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Figure G.1. Exponential decay curve fitting to time-course toxicity of #5 oil, low S, fine 
ash.
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#6 Oil, Hi S, Coarse
Hours Actual Calculated Calc-Actual (Calc-Actual)2

Yf α
0 100% 100% 0% 0.0000 0.769645 0.317038
2 90% 89% -1% 0.0001
6 80% 80% 1% 0.0001 R2 = 0.985547
12 76% 77% 1% 0.0002
24 79% 77% -2% 0.0002

sum of squares 0.0006

Oil Ash Toxicity - #6 Oil, High S, Coarse
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Figure G.2. Exponential decay curve fitting to time-course toxicity of #6 oil, high S, 
coarse ash.
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#5 Oil, Low S, Coarse
Hours Actual Calculated Calc-Actual (Calc-Actual)2

Yf α
0 100% 100% 0% 0.0000 0.841967 0.231941
2 96% 94% -1% 0.0002
6 87% 88% 1% 0.0002 R2 = 0.981136
12 85% 85% 0% 0.0000
24 85% 84% 0% 0.0000

sum of squares 0.0004

Oil Ash Toxicity - #5 Oil, Low S, Coarse
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Figure G.3. Exponential decay curve fitting to time-course toxicity of #5 oil, low S, 
coarse ash.
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#6 Oil, Medium S, Coarse
Hours Actual Calculated Calc-Actual (Calc-Actual)2

Yf α
0 100% 100% 0% 0.0000 0.892832 0.058045
2 101% 99% -2% 0.0005
6 97% 97% 0% 0.0000 R2 = 0.914741
12 94% 95% 1% 0.0001
24 92% 92% 0% 0.0000

sum of squares 0.0006

Oil Ash Toxicity - #6 Oil, Medium S, Coarse
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Figure G.4. Exponential decay curve fitting to time-course toxicity of #6 oil, medium S, 
coarse ash.
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APPENDIX H: AERODYNAMIC PARTICLE SIZE SEPARATION 

TECHNIQUES

The ability to separate airborne particulate matter by particle size is of 

importance, both for pollution control and, for the purposes of this study, to allow 

different types of PM to be analyzed.  Although airborne particles can be separated by 

several different means, aerodynamic particle size separation is of particular importance 

to this study since it is particularly effective in separating particles in the inhalable range 

(10 µm and below).  Aerodynamic particle size separation is possible due to the fact that 

more massive particles in a gas stream are subjected to higher inertial forces than smaller 

particles, and are therefore more likely to impact on surfaces when a gas stream makes an 

abrupt directional change (Hinds, 1999).  Two widely used PM size separation tools 

based on aerodynamic separation are the cyclone and the impactor.

The Cyclone

The cyclone is widely used as a PM size-separation device in pollution control 

applications.  In addition, it was used in this study to separate coal ash and oil ash into 

coarse (> 2.5 µm mass median aerodynamic diameter, or MMAD) and fine (< 2.5 µm 

MMAD) fractions (Fernandez et. al., 2001).  A cutaway diagram of a simple cyclone is 

shown in Figure H.1.  In this device, gas laden with particles of various aerodynamic 

diameters enters through a port near the top and generates a vortex due to the conical 
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Figure H.1.  Cutaway diagram of a cyclone.
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shape of the interior of the cyclone body.  The centrifugal forces applied on the 

suspended particles in the swirling gas vary with particle mass, or inertia.  Large particles

impact the wall of the cyclone and settle into a collection receptacle at the bottom of the 

device, whereas smaller particles, which are less effected by the centrifugal forces, 

remain in the gas stream until entering the outlet pipe on the top and leaving the cyclone.  

Lapple (1951) developed an empirical formula to identify dp, the particle diameter 

removed by a cyclone with 50% efficiency:

2/1
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where µ = the gas viscosity;
W = the width of the gas inlet;
Ne = the number of effective turns taken by the gas in the cyclone body;
Vi = the inlet gas velocity;
ρp = particle density; and
ρg = gas density.

As this equation illustrates, a cyclone’s removal efficiency of smaller particles can 

be increased by increasing the number of turns taken by the swirling gas stream or by 

increasing the inlet gas velocity.  However, for a single cyclone, this would generally 

decrease throughput.  Therefore, to increase particle removal efficiency, several small, 

efficient cyclones are sometimes placed in parallel, and the dirty gas stream split between 

them.  Even with enhancements like this, cyclones are not efficient enough in removing 

airborne PM for some pollution-control applications, and are therefore often used 

upstream of more efficient methods, such as filters (U.S. EPA, 2006).
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Impactors

Like the cyclone, the impactor separates airborne particles based on the 

differences in aerodynamic properties among particles of different sizes.  However, the 

applications in which impactors are used are different than those of cyclones.  Impactors 

provide better separation efficiency than cyclones, and can provide separations into 

multiple size fractions, but are more costly to operate.  Therefore, impactors are generally 

used as an analytical tool.  In addition to their use in characterizing particulate matter, 

impactors are widely used in the aerosol medicine field to characterize the droplet-size 

distributions of drug delivered by metered-dose inhalers (Mitchell and Nagel, 2003).

The simplest type of impactor is the single-stage impactor, which provides 

separation of PM into two fractions: those with MMADs larger than a cutoff point, and 

those with MMADs smaller than the cutoff point.  However, multiple-stage impactors, 

called cascade impactors, provide separations of PM into multiple size fractions, yielding 

much more information about the particle size distribution of a particular sample.  A 

cutaway drawing of a cascade impactor is shown in Figure H.2.  It is composed of a 

series of stages stacked vertically, with the PM-laded gas stream entering at the top (stage 

1) drawn by a vacuum pulled from the bottom of the impactor.  At each stage, the gas 

stream is forced through a nozzle, which accelerates it toward a flat baffle.  As figure H.2 

shows, the gas and small particles quickly turn and go around the baffle to the next stage.  

However, larger particles, which are less able to make the sharp turn due to their larger 
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Fig

Figure H.2. Cutaway drawing of a cascade impactor. Adapted from Hinds, 1999.
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inertia, impact on the baffle.  Each subsequent stage has smaller nozzles (and therefore 

accelerates the PM-laden gas more), and/or has the baffle closer to the outlet of the

nozzle, making the required turn sharper.  Therefore a smaller range of particles is 

collected at each stage as the gas progresses down the impactor.  At a particular vacuum 

flow rate, the MMAD range of particles collected on each baffle can be well 

characterized.  For example, when 28.8 L/min of air is pulled through an Andersen eight-

stage impactor, nine separate, well-characterized ranges of MMADs are collected on the 

eight stage baffles and a post-impactor filter, with an overall range from 10 µm and 

below (New Star Environmental, 2004).  Materials collected on each stage’s baffle are 

then removed and measured.
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