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ABSTRACT 

Inhalation of ambient particulate matter is a factor in the pathogenesis of 

cardiovascular and pulmonary diseases. A goal of this thesis was to identify specific 

chemical components of particulate matter most significant in its causing adverse health 

effects.  To address this issue, instrumentation and methodology were developed with 

which one could design, create, levitate and deposit 2.4±0.1 μm diameter particles of 

known chemical composition onto lung cells, in vitro, followed by the monitoring of 

downstream human lung cell (A549) response. An outcome of the method development 

process was an investigation of two disparate components hypothesized to be significant 

factors in particulate matter toxicity, endotoxin and soluble metals. The effect of 

incorporating these components, separately, into carbon particles on cytokine expression 

from lung cells was measured.  Through immunocytochemistry studies of the expression 

of intercellular adhesion molecule (ICAM)-1, it was learned that endotoxin and metal salt 

both effect its upregulation and their relative toxicity were determined to be 9.0×10-5 

versus 4.4×10-3 per particle number per pg of LPS and Zn, respectively. Additionally, 

another biomolecule not yet identified but observed using MALDI-TOF-MS (m/z= 8.3 

kDa) was upregulated by A549 cells incubated with these particle types. 
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CHAPTER 1  
INTRODUCTION 

Clean air is a basic health requirement for achieving a healthy life style. 

Conversely, epidemiological evidence links exposure to ambient particulate matter and 

the pathogenesis of respiratory and cardiovascular diseases such as asthma, chronic 

obstructive pulmonary disease (COPD), arrhythmia, congestive heart failure, and 

myocardial infarction.1-3 There are many sources of both natural and anthropogenic 

emissions of particulate matter, such as forest fires, volcanoes, and the combustion of 

fossil fuels.  Particulates and gaseous emissions due to anthropogenic activities have 

increased dramatically with population increase and economic development of nations 

over the last century.  Emissions due to anthropogenic activity is believed to be a 

significant factor for the observed progressive change locally and globally in the 

troposphere’s chemical composition with respect to minor (low concentration) 

components.3  How these emissions influence human health, and change in climate, is the 

subject of intense research activity world-wide.   

Epidemiology studies have repeatedly demonstrated an association between 

exposure to particulate matter and numerous indices of human morbidity and mortality.  

Beyond a few size catagories, little information is available regarding how particulate 

chemical composition may affect, chronically and/or acutely, the cells of the respiratory 

tract, causing for example, oxidative stress and inflammation, which can through the 

mediators secreted by those cells invoke response in other tissues.  Tools with which 
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hypotheses can be addressed using in vitro strategies that lead to contributions of relevant 

knowledge to this air quality issue are needed.  Specifically, knowledge of the relative 

potential as to how each of the many different particulate types to effect differential 

expression of biomarkers is needed. Such information could permit improved 

understanding, and ideally extrapolation of the relative exposure risk to human health to 

the varied ambient particle sources.  Introduced and used in the work described in this 

thesis is an apparatus that enabled the generation of particle populations where the 

particle chemical composition, the size of the particles, and the number of particles in 

each population is known, and then that population can be delivered to a lung cell culture 

to initiate a dose-response experiment.   

1.1 Particulate matter 
Analysis of ambient particles sampled from the troposphere have shown that they 

are a mixture of solid and/or liquid particles of various sizes, < 10 μm in diameter 

(PM10), and that they have heterogeneous composition.  Based on the location where 

ambient particles of various size tend to deposit onto the air-cell interface of the human 

respiratory tract, ambient particles are usually catagorized into three general size bins: 

particle aerodynamic diameter between 2.5 and 10 μm as PM2.5-10 (coarse), particle 

aerodynamic diameter <2.5 μm as PM2.5 (fine), and aerodynamic diameter <0.1 μm as 

ultrafine particles (PMUF).  

Ambient particles are also often categorized based on their source, either primary or 

secondary. Primary sources of particulate matter are those that directly introduce pre-

existing particles into the troposphere.  Primary particles tend to dominante the coarse 

fraction of PM (eg. 2.5-10 µm) and generally tend to not agglomerate in the troposphere.4  
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There are natural and anthropogenic sources of primary particles.  Natural sources 

include volcanic eruptions, sea sprays, wind-driven suspension of soil or mineral dusts, 

and biological materials. Biological materials found in ambient particles include, for 

example, fragments of plants, micro-organisms, and pollens.5-7  Anthropogenic sources of 

primary particles include biomass burning, vehicular generated dusts, and incomplete 

combustion of fossil fuels.8,9  Anthropogenic activity that involves mechanical break-up 

of large materials by processes that include grinding or crushing are also sources of 

primary particles.4,10  

Secondary ambient particles are produced as an outcome of oxidative chemical 

reactions in the troposphere.4,10  The formation of secondary particles in the troposphere 

occurs through nucleation, and requires ions or clusters as nuclei, which can be followed 

by growth (eg. accumulation mode) through condensation of other compounds dependent 

on local atmospheric conditions.11 There are two types of secondary particle formation: 

homogeneous and heterogeneous.11 Homogeneous (self nucleation) particle formation is 

a result of favorable collisions of gasesous compounds.11  Heterogeneous nucleation, or 

ion-induced, occurs when a gaseous ion serves as a nuclei for the condensation of 

gaseous compounds.11 

1.2 Lungs 
Discussion of the human respiratory system, with respect to particulate air 

pollution, frequently involves separate description of the upper and the lower respiratory 

tracts. The upper respiratory tract includes the nasal passages, pharynx and the larynx. 

The lower respiratory tract is composed of the trachea, the bronchi and lungs. The 

primary function of the upper respiratory tract is to filter, humidify, and adjust the 
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temperature of inspired air. The primary function of the lower respiratory tract is to 

transfer gaseous species (eg. O2, CO2, and H2O) into and out of the blood stream. 

  

 

Figure 1.1 Depiction of respiratory tract physiology. (Figure used unmodified) 
 

The upper respiratory system is well evolved to remove particles using cilia.  It is 

believed that coarse particles tend to deposit in the upper respiratory tract.  In moving 

further into the respiratory tract, entering the lower respiratory tract, the trachea divides 

into left and right primary bronchi, which themselves further divide into smaller airways, 

bronchioles. The bronchioles then further divide into a series of transitional airways 

involved in gaseous exchange. At each branching point, in addition to the alveolar region, 

there is a possibility for particles suspended in the inhaled air to deposit and interact 

directly with tissue, possibly causing injury.  Lung cells that are injured as a result of 
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their contact with particles display this through a variety of signalling pathways, such as 

NF-κB and apoptosis.  Because several epidemiology studies have correlated PM2.5, 

which is believed to deposit predominantly in the lower respiratory tract, with adverse 

effects on human health, many in vitro dose-response studies have used cells and tissues 

from the lower respiratory tract. 

1.3 Inflammation 
The lungs are constantly being challenged by toxic gases, PM10, and infectious 

agents such as viri, fungi, bacteria, and parasites.  The infectious agents, or portions 

thereof, can also be harboured in or carried on other particulate matter. It has been 

demonstrated that exposure to PM10 results in systemic inflammation.  Inflammation, a 

complex biological process, involves secretion of numerous pro-inflammatory mediators 

by injured cells. Cytokines are a class of pro-inflammatory mediators that are expressed 

following the activation of biological signal transduction cascades.  Sustained exposure to 

inflammation, either chronic or acute, can lead to detrimental outcomes such as tissue 

remodelling from the action of mediators that include matrix metalloproteinases. 

Lung cells communicate their injury by the secretion of mediators.  Cytokines are 

but one class of mediators, and cytokines effect responses in other tissues and organs.  It 

has been demonstrated that systemic inflammation, for the case of dosing humans with 

ambient particles, is known to involve the secretion of cytokines that elicit the release of 

either granulocytes (non-specific immunity) or lymphocytes (specific immunity) from the 

bone marrow. Upon arrival to the site of injury, leukocytes are activated, with a notable 

example of this being the transformation of monocytes into macrophages.  In the case of 

atherosclerosis, the action of these potent agents of the immune system is thought to be a 
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factor in the pathogenesis of lesions, causing or promoting them to form, grow, and in the 

extreme to rupture, possibly leading to thrombosis.   

1.4 Nuclear Factor (NF-κB) pathway 
NF-κB is a transcription factor.  The NF-κB pathway, which has been shown to 

be activated following exposure to PM10, is a major pro-inflammatory gene found in 

numerous cell types that when activated results in the transcription of mRNA of 

numerous pro-inflammatory mediators including TNF-α, IL-1β, IL-6, and intercellular 

adhesion molecule (ICAM)-1.12-15  As alluded to in the preceding paragraph, NF-κB is a 

key player in an individual’s immune response, and as such it is involved in the 

translation and secretion of mediators that are involved in cell proliferation.  The 

activation of the NF-κB has been identified in disorders including cancer, autoimmune 

diseases, viral infection, and abnormal immune development.16-19 

The activation and regulation of the NF-κB pathway can be monitored directly 

through measurement of RNA transcription, and also indirectly by following the 

expression of pro-inflammatory mediators that are not necessarily linearly related to 

RNA abundance. An understanding as to which environmental stimulants cause the 

activation of this pathway may give some insight into their toxicity. Thus, the focus of 

this thesis became the study of the relationships between the chemical composition of a 

particle and its effect on this major pro-inflammatory pathway, as determined through the 

measurement of one mediator, intercellular adhesion molecule (ICAM)-1.  The dose-

response relationship was also monitored using soft ionization mass spectrometry as 

another readout tool, in an attempt to monitor other mediator differential expression. 
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1.5 Intercellular Adhesion Molecule (ICAM)-1 
ICAM-1 is a cell surface glycoprotein expressed in numerous cell types.  It is 

expressed by lung epithelial cells20, leukocytes, and endothelial cells (though technically 

described as vascular cellular adhesion molecule (VCAM-1)).  ICAM-1 is expressed in 

the membranes of resting (eg. not stimulated) cells at low numbers, but upon stimulation 

by cytokines, such as interleukin-1β and tumour necrosis factor (TNF)-α, its expression is 

upregulated.  As will be shown in later chapters, ICAM-1 expression in A549 cells 

stimulated through their incubation with tumor necrosis factor (TNF)-α, as a positive 

control was arbitrarily assigned a normalized ICAM-1 expression value of 1.  On that 

relative scale, resting A549 cells had an ICAM-1 expression level of ~0.3. 

The systemic inflammation process includes leukocyte extraction from the blood 

stream into tissues that have been activated.21  Neutrophils, a type of leukocytes, are 

recruited from the bloodstream by first adhering to the endothelium.  This process is 

mediated by membrane bound proteins such as vascular adhesion molecules and 

selectins.22,23  Once bound, the leukocytes then migrate into the tissue by moving 

between endothelial cells.  While some leukocytes mature only upon migration into 

tissue, such as monocytes in the blood that become macrophages in tissues, others, such 

as neutrophils remain the same.  Because ICAM-1 is a key participant of intercellular 

adhesion in the process of inflammation, the amount of its extracellular expression is 

believed to be a direct outcome of the regulation of the NF-κB pathway.  As such it is an 

ideal target for immunological studies.  
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1.6 Immunocytochemistry 
Immunocytochemistry is a method that is used to detect the location and/or 

quantity of a protein on or within a cell by labelling it with an antibody, which itself is 

labelled with a fluorescent tag. Immunocytochemistry involves a multiple step procedure, 

as depicted in figure 1.2. This method was used in this thesis to obtain a measure of the 

expression of ICAM-1.   

At the end of any given experiment, the cell culture is fixed, such as through the 

use of a paraformaldehyde (PFA) solution, which kills the cells and fixes the locations of 

the proteins within the cell. After fixation, a blocking agent is added to the cell culture. 

This agent is typically serum. The role of the blocking agent is to minimize non-specific 

binding between the antibody and molecules other than its antigen. The primary antibody, 

which is specific to the protein of interest, is added next.  

 

 

Figure 1.2 Graphical representation in which antibodies bind to the antigen protein of interest in 
an immunocytochemistry assay. The blocking agent ensures that only specific binding 
occurs. The primary antibody binds the antigen. Secondary antibodies then bind the 
primary antibody. The secondary antibodies are labelled with a fluorescent tag.  
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After incubation, the secondary antibody, which is specific for the primary 

antibody, is added. In order to ensure that no cross-reactivity will take place, the 

secondary antibody, which typically is an immunoglobulin G (IgG) protein, is raised in a 

different animal than that the primary antibody. The primary antibody used in the studies 

reported in this thesis was produced in mice (mouse anti-human ab), while the secondary 

antibody was produced in goat (goat anti-mouse ab), and it was labelled by covalently 

attaching a fluorophore.  

In some instances, when signal amplification is desired, a labelled tertiary antibody 

may be used in addition.  Each time a labelled-antibody is added in the labelling process, 

the likelihood of observing the protein of interest can be increased.  This is simply a 

product of the structure of antibodies formed during the labelling process.  Two 

antibodies bind to the previously bound antibody, which itself is bound to the protein of 

interest. In this way, the ability to detect a single protein molecule is increased as each 

target molecule of interest becomes bound to numerous labelled molecules (2n, where n= 

number of sequential additions of labelled-antibody).  Thus, the fluorescence signal that 

is proportional to the number of antigens expressed in the sample, can be amplified, 

making immunocytochemistry a sensitive, quantitative technique for determinations of 

membrane bound protein expression. 

1.7 Mass Spectrometry based proteomics 
Proteomics is the study of the proteome to identify, characterize, and quantify the 

complete set of proteins expressed by the entire genome in tissue or organisms including 

post-secondary modifications and protein-protein interactions.24  Proteomics could be 

considered a subset of systems biology research, because knowledge of biological 
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expression, post-translational modifications, and sub-cellular localization provide 

valuable information needed to describe biological processes.25  

Mass spectrometery is a sensitive tool that is used to measure the mass to charge 

ratio (m/z) of gas-phase ions. Because of soft ionization techniques, mass spectrometry 

has played an increasingly significant role in biological sciences. Today, mass 

spectrometry (MS) is considered a sensitive method for biomolecule characterization, and 

its already prominant role in proteomics, continues to grow.26 MALDI (Matrix Assisted 

Laser Desorption Ionization) is a soft ionization technique that has become common 

place in biological studies due to its ability to transfer large, polar, thermally labile 

biomolecules into the gas phase for mass analysis without prior derivatization.  

1.8 Research objectives 
As described previously, ambient PM has many different sources, and therefore a 

sample of ambient PM is recognized as being a complex mixture of particles with 

different sizes and compositions.  The extent and the nature of the injury caused by a 

dose of a specific composition of particle is not well characterized, but in vivo and in 

vitro dose response studies suggest that when particles are inhaled, those particles are 

deposited onto lung tissue and they induce cells to secrete pro-inflammatory mediators 

(cytokines). The hypothesis that this research was based upon was that different chemical 

compositions of a particle result in different down stream biological responses. The goal 

for this thesis was to develop a method that can simultaneously monitor downstream 

biological responses of lung cells by immunocytochemistry, and ideally by soft ionization 

mass spectrometry in a parallel and/or complementary manner, following incubation with 

different particles types having different sizes, ranging from coarse to fine.  An objective 
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was to contribute new knowledge to the understanding as to how A549 lung cells respond 

dependent on the particle dose (particle number, size, and chemical composition).   
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CHAPTER 2  
APPARATUS 

2.1 The quadrupole ion trap 
The quadrupole ion trap (QIT) was invented by physicist Wolfgang Paul, who 

was later awarded (1979) a Nobel prize.27 A QIT is a device that can capture and store 

gaseous ions for a period of time. The QIT can also function as a mass spectrometer of 

considerable mass range and variable mass resolution.27 

The QIT consists of at least three electrodes which are depicted in cross section in 

Figure 2.1. The two electrodes on each end have hyperbolic geometry on their inner 

surface. These electrodes are called end-cap electrodes. The third electrode positioned 

symmetrically between two end-cap electrodes also has a hyperbolic geometry on its 

inside surface, and it is referred to as the ring electrode.  

Ions can be injected into the trap through an orifice in one of the end-caps, or the 

ring electrode, or along the asymptote between an end-cap and the ring electrode.  Ions 

can also be created within the trap. Ions are stored by the electric field within the device 

that is created by applying a sinusoidal waveform, at a frequency of typically 1 

Megahertz (MHz), to the ring electrode and, most commonly holding the endcap 

electrodes at 0 V.  Depending on that electric field, ions having a mass to charge (m/z) 

within a certain range will have stable trajectories.  Ions outside that m/z range will not 

be stable and will collide with the QIT electrodes and be neutralized. 
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Figure 2.1 Schematic diagram of three electrodes of the quadrupole ion trap.  
 

The ion trap when used as a quadrupole mass analyzer is described as a dynamic 

trap because ion trajectories in these instruments are influenced by a time-dependent 

force.  An ion having appropriate m/z and kinetic energy to be trapped will experience a 

restoring force that increases in magnitude as the ion deviates further from the 3-

dimensional mid-point of the device, driving the ion back towards the mid-point. The 

stability of ions in the quadrupole field can be described by a simple mathematical 

relationship from the solution to a second order linear differential equation relating the 

restoring force on a given ion by a given electric field, which was originally derived by 

Mathieu.  Interestingly, the origin of this equation was from Mathieu’s solution for the 

motion of stretched skins over a cylinder to form a drum.  Mathieu was able to describe 

solutions in terms of regions of nodes and anti-nodes which have direct analogies to ion 

stability/instability. This is equation is now commonly referred as the Mathieu equation 

by investigators who use a QIT (equation 2.1) where φr,z is the potential at a given 

position r and z, in which r is the radial direction, z is the axial direction, and r0 is half 

distance between the ring electrode, and φ0 is the applied electric potential.  When the 
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Mathieu equation is applied directly to the motion of trapped ions in a QIT, it describes 

regions of ion motion stability (eg. nodes) and instability (eg. anti-nodes).  

 

Equation 2.1   

 

  

From the Mathieu equation, the stability of an ion within a QIT to be described as a 

function of two dimensionless parameters, a and q (equation 2.2 and 2.3). U is the DC 

voltage applied to the end-cap electrodes, VAC is the amplitude of the time-dependent 

waveform applied to the ring electrode, ω is the angular frequency of the waveform 

applied to the ring electrode, which equal to 2πf, with f being the frequency of the 

sinusoidal waveform, mi is the mass of the ion, r0 is half the diameter of the ring 

electrode, e is the electronic charge, and z is the number of net elementary charges on the 

ion.  

 

Equation 2.2  az = -2ar = -[(16ezU)/(miro
2ω2)]  

Equation 2.3  qz = -2qr = -[(8ezVac)/ (miro
2ω2)]  

 

 The stability region of an ion can also be viewed graphically, in the axial direction 

through plotting az by qz, and in the radial direction by plotting ar by qr (figure 2.2). By 

overlaying these two plots, areas of overlap are regions in which the ion is stable in both 

the radial and axial directions. Stability parameters βr and βz, which are both functions of 

a and q, are used to determine if an ion is stable within the QIT (equation 2.4 and 2.5).  
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Equation 2.4  βr ≅ 
2

2
r

r
qa +  

Equation 2.5  βz ≅ 
2

2
z

z
q

a +  

 

 Within these stability regions (figure 2.2c), ions must be stable in both the radial 

(r) and axial (z) directions to remain stored in a QIT. In Figure 2.2, the βz = 1 stability 

boundary intersects with the qz axis at qz = 0.908 (for az and ar).  This working point is 

termed the low-mass cutoff, and it is of significance when the QIT is used as a mass 

spectrometer as it is the operating condition at which an ion can be moved from stability 

to instability, most commonly achieved by incrementally increasing the amplitude of the 

waveform applied to the ring electrode.  In so doing, ions can be sequentially ‘scanned 

out’ of the QIT from lowest to highest m/z ratio.  Detection of the ions scanned out of the 

QIT using an ion detector allows construction of a mass spectrum, that is, a plot of ion 

abundance versus m/z. 
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Figure 2.2 Graphical representation of the stability regions of a quadrupole ion trap determined 
by Mathieu equation. a) Diagrams for the z-direction of az and qz space. b) Mathieu 
stability diagram in au and qu space for both the r- and z- directions (eg. az and ar, and 
qz and qr). Simultaneous overlap regions of az and qz space are labelled a and b. c) 
Stability diagram for the first overlap region, identified in panel b) by the ‘a’. 
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2.2 Electrodynamic Levitation Trap (EDLT) 
Several applications of the electrodynamic levitation Trap (EDLT) have been 

developed in Agnes group.28,29 An EDLT has been used to prepare MALDI-TOF-MS 

samples in a methodology termed wall-less sample preparation (WaSP)29-32, to study ion 

induced nucleation33,34, and to investigate the effect of ambient particle mimics on lung 

cells.35,36 The configuration and operation of an EDLT has analogies to the QIT. 

However, because an EDLT is operated at atmospheric pressure, there is collisional 

damping of ion motion. An outcome of is that the shape and spacing of the electrodes can 

deviate significantly from hyperbolic geometry while still retaining the ability to levitate 

a droplet, and therefore the electric field also deviates from quadrupolar. For instance, in 

the EDLT used in this work, the end-cap electrodes were simply two flat conductive 

plates, and the ring electrode was in fact approximated as two wire rings of equal size 

mounted parallel. A diagram of an EDLT apparatus used in this work is presented in 

figure 2.3.  

 

Figure 2.3 Diagram of an electrodynamic levitation trap (EDLT) used in the research described in 
this thesis. 
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2.2.1 Dispensing droplet with net charge 

A droplet-on-demand droplet dispenser (MJ-AB-01-60, MicroFab Technologies 

Inc., Plano, TX, USA) was used to dispense a starting solution. An aliquot of a starting 

solution (~10 μL) is loaded into the reservoir of a droplet-on-demand dispenser using a 

hand held pipette. For starting solutions used in this work, there were volatile and non-

volatile compounds and dispersed solids added to starting solution. The nozzle of the 

droplet dispenser was positioned ~1 mm above the induction electrode and centred over a 

5 mm diameter hole cut into it. This induction electrode is situated directly above the ring 

electrodes.  

A single droplet is created by applying a pulse waveform to the piezoceramic 

droplet dispenser.  The shape of an example pulse waveform applied to the piezoceramic 

in shown in figure 2.4. The pressure wave thus created with the reservoir of the dispenser 

causes a jet of liquid to be ejected from the droplet dispenser nozzle. The induction 

electrode is biased with a DC potential within the range from 0 to ± 500 V. The electric 

field between induction electrode and the nozzle of the dispenser induces a net charge, by 

affecting the motion of charged species in the jet of solution, such that when the jet 

separates from the nozzle and collapses into a single droplet, that droplet carries a net 

charge. The repetition of this process is used to dispense a population of droplets, some 

of which are captured and levitated in the EDLT.  Note that dust, lint, precipitation and 

coagulation of the solutes and dispersed particles from the starting solution, respectively, 

and imperfect activation of the piezoceramic, for example, can cause unwanted, multiple 

droplet production per pulse waveform.   
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Figure 2.4 Shape of an example waveform applied to the piezoceramic within the MicroFab 
droplet dispenser employed to dispense a single droplet. 

 

2.2.2 Levitation of droplet with net charge 

While droplets are being dispensed, an AC waveform was applied to the two ring 

electrodes, typically a sine wave, 50 Hz and 2.4 kV0-P. As soon as droplet dispensing 

ceased, the frequency of this waveform was manually ramped to 1,050 Hz over a period 

of 2 s. The reason for changing the AC frequency was that, as the volatile compounds 

evaporate from each droplet, the mass of the droplet decreases while the net charge did 

not change (unless there was a Coulomb explosion). When evaporation ceased (or 

reached steady-state), the remnant of the droplet was then a residue enriched with the low 

volatility compounds present in the starting solution. The resultant residue was either a 

liquid, solid, or a mixture of compounds in solid and liquid states. The mass of each 
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compound in a resultant residue was estimated based on the average initial volume of the 

dispensed droplets and the known concentration of each compound in the starting 

solution. 

2.2.3 Particle delivery 

Droplets levitated in the EDLT are removed from it by applying an attractive 

potential, in the range from 500 V to 4000 V, to the bottom end-cap electrode while 

reducing the trapping potential well depth, achieved by changing the trapping field 

through, for example, lowering the amplitude of the AC field. The residues can be 

deposited directly onto a substrate placed on the bottom end-cap electrode. Through out 

this work, the target was a culture of human lung cells (cell line A549, American Type 

Tissue Collection) grown on various supports such as, coverslips, tissue culture dishes, 

and center-well organ culture dishes.  

2.3 Matrix Assisted Laser Desorption Ionization Time Of Mass 
Spectrometry (MALDI-TOF-MS) 

MALDI was developed from the laser desorption ionization (LDI) technique. Since 

the late 1960’s, LDI has been used as one of the many possible ion sources for mass 

spectrometry.37 This technique is not suitable for analysis of molecules that have low 

volatility, such as peptides, proteins, or nucleic acids because the LDI technique causes 

fragmentation of such compounds, leading to spectra that are difficult to interpret. In 

1988, Japanese scientist Tanaka et al., and German researchers Karas and Hillenkamp 

independently develop a new method in which a compound termed the matrix was used 

to absorb energy from a laser pulse and assist the delivery of low volatility, high 

molecular weight compounds into the gas phase without excess fragmentation.38 This 

method was named matrix-assisted laser desorption ionization (MALDI). 
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MALDI uses a pulsed laser for ion formation of matrix and analyte.39 The most 

common laser used is a N2, with an output wavelength = 337 nm in the ultraviolet (UV), 

but there have been reports of the use of other lasers having ultraviolet outputs, such as 

the Nd:YAG, and the utility of infrared (IR) lasers has reported in research studies.104  

Compounds used as matrices are typically organic acids with high absorptivity 

coefficients at the output frequency of the laser.40-42 The mole ratio of analyte to matrix 

for solid matrices is optimized empirically, and the ratio is usually in the range of 1:102 to 

1:106.43 Matrices have three major contributions in MALDI.  The matrix molecules 

isolate analyte molecules from each other in order to minimize their aggregation in a co-

crystallized analyte matrix solid.  The matrix molecules absorb energy from the laser, 

causing ablation of the co-crystallized solid matrix and analyte solid (figure 2.5).44  The 

matrix molecules then participate further in the process of ionization the analyte in the 

gas phase, via proton transfer from an electronically excited matix molecule to an analyte 

molecule. 
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Figure 2.5 Illustration of sample ablation that forms a plume of material from the co-crystallized 
matrix and analyte solid, following pulsed laser irradiation. 

 

All mass spectrometers have three main parts: the ion source, the mass analyzer and 

the detector. The function of the ion source is to generate ions from compounds in a 

sample, the mass analyzer then separates these ions based on their mass-to-charge ratio 

(m/z) and the relative abundance of the ions is measured by the ion detector. 

2.3.1 Ionization 

Ionization is the first required step in mass spectrometry. There are numerous 

mechanisms that have been developed to ionize a molecule in the gas phase such as 

chemical and electron impact ionization. Electron impact ionization is classified as hard 

ionization, because excess energy from the electron molecule collision is transferred into 

internal energy of the analyte in the process of ionizing it (e + A → A•* + 2e), leading to 
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unavoidable fragmentation following the ionization. MALDI is a soft ionization 

technique in which the energy is transferred indirectly to the analyte through a collision 

with an organic compound (eg. the matrix), as described in simple terms in the following 

sections.  MALDI ionization is believed to have two predominant pathways that are 

referred to as primary and secondary ionization.  

2.3.1.1 Primary ionization 

The primary ionization occurs during the laser pulse.45 A matrix molecule (M) 

absorbs a photon, and is protonated to an excited state (M*). The excited matrix molecule 

can then transfer a labile proton in a collision to an analyte (A) before the excited 

molecule relaxes. 

Equation 2.6  M + hυ → M* 

Equation 2.7  M* + A → (M-H)- + AH+ 

Equation 2.8  M* + M → (M-H)- + MH+ 

 

2.3.1.2 Secondary ionization 

Secondary ionizations are considered to be gas-phase reactions. These take place 

in the MALDI plume where explosive solid-to-gas transition occurs.46,47 An example 

ionization process is comprised of two steps: gas-phase proton transfer and gas phase 

cationization. 

In gas-phase proton transfer, matrix-matrix reactions occur, where matrix 

molecules are protonated.37,39  

Equation 2.9  M+• + M  MH+ + (M-H)• 
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Once the matrix molecules are protonated, MH+, gas phase cationization occurs 

where matrix molecules protonate the analyte molecules. 

Equation 2.10  MH+ + A  M + AH+ 

 

2.3.2 Time of flight (TOF) mass analyzer 

Time of flight mass analyzer measures the time for an ion of a given kinetic 

energy to travel across a field-free drift region of known length, from which information 

the ion’s mass and net charge can be deduced. An ion has an net charge equal to the 

number (z) of elementary electronic charges (e) and a mass of m.  Upon ionization, the 

ion is imparted with energy (E) by the applied voltage (U): 

Equation 2.11  E= ezU 

 

Equation 2.11 represents the potential energy that accelerates the ions prior to entering a 

field-free drift region.  At the entrance to the drift region, the ions have a kinetic energy 

equal to its potential energy (equation 2.12). 

Equation 2.12  KE=ezU = ½mv2 

 

The time of flight of an ion in the field free drift region is measured, and then 

using the length of this region, its velocity can be calculated.  Using equation 2.12, the 

ion’s mass to charge ratio (m/z) can be determined.40  Presented in figure 2.6 is a diagram 

of analyte molecules being accelerated, drifting through the field-free region, and 

detected by the detector. The lighter ion will reach the detector first, before the heavier 
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ion (assuming z= +1 for all ions).  A detector at the end of the field free region produces 

a signal as each ion strikes it.  

 

 

Figure 2.6 Diagram of a time of flight mass spectrometer used for MALDI. Depicted are ions 
having the same kinetic energy upon exiting the acceleration region, and thus having 
different velocities through the field-free region according to their mass and net 
charge. Arrows represent vectors that depict the velocity of each ion where lighter 
ions have higher velocity and travel through the field free region faster as compared 
to heavier ions that have lower velocity and reach the detector later.  

 

2.4 Fluorescence microscopy 
Fluorescence microscopy is simply a tool to view fluorescent species. The 

microscope used was fitted with a mercury lamp. Two filters were needed; the function 

of the first filter is to select a bandpass of light that is then directed to the sample 

(excitation frequencies), and the function of the second filter is to allow another bandpass 
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of light to reach the detector (fluorescence emission frequencies). The detector was a 

digital camera, allowing the ready archival and subsequent processing of the images. The 

principle components of a fluorescence microscope are shown in figure 2.7. 

 

 

Figure 2.7 Physical setup of a fluorescence microscope.  
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CHAPTER 3  
MALDI-TOF-MS MONITORING OF 
DIFFERENTIAL EXPRESSION OF 

BIOMOLECULES SECREATED FROM 
A549 CELLS IN RESPONSE TO 
INCUBATION WITH AMBIENT 
PARTICULATE MATTER (PM10) 

MIMICS  
3.1 Introduction 

Technical innovations in proteomic based mass spectrometry (MS) techniques have 

resulted in a development of range of sensitive and versatile methods for high 

throughtput proteome-scale profiling.39 The proteome is defined as all proteins in a given 

cell, tissue, or organism at any one instant.  A proteome differs among cell types, 

organism and within the same cell depending on cell activity, stimuli, or disease. An 

objective of a proteomic study is to learn information about a proteome through the 

identification, characterization, and quantification of, ideally, the whole content of 

proteins present in challenged biological materials (tissues, cells in culture, organelles, or 

fluids) relative to controls.  An objective of some proteomic studies is identification and 

characterization of compounds that could be biomarkers for a specific disease. A 

biomarker is a molecule whose presence, which can be detected, in a particular cell type 

depending on cell activity, stimuli, or disease that is indicative of a state of the 

cell/organ/organism. 
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The world health organization (WHO) predicts that in 2020, cardiovascular disease, 

already a predominant cause for premature death in developed nations, will likewise 

become a health burden of disease in developing and newly industrialized countries.26 

This prediction is the impetus to perform hypothesis driven research to identify factors in 

the pathogenesis of this disease, with the objective of identifying and validating 

biomarkers that could facilitate accurate diagnosis and lead to timely and appropriate 

treatment intervention strategies for individuals.  

Inflammation is a process activated in response to injury, leading to the healing of 

affected tissues, in normal situations. However, when subjected to unusual injury, acute 

and chronic inflammation can lead to the development of disease. Two examples of 

diseases that are, possibly caused by, but certainly exacerbated by inflammation are 

cardiovascular disease and chronic obstructive pulmonary disease (COPD). Part of an 

inflammatory response includes the secretion of pro-inflammatory mediators such as 

cytokines, which are proteins that have mediate pro–inflammatory signal transduction. 

Many in vivo and in vitro particulate air pollution studies have correlated ambient particle 

exposure to elevated levels of pro-inflammatory mediators, such as tumor necrosis factor 

(TNF)-α, granulocyte macrophage colony stimulating factor (GM-CSF), interleukin (IL)-

1β, IL-6, IL-8, leukaemia inhibitory factor (LIF), and oncostatin M (OSM).48-53  An 

improved understanding of particulate air pollution may be learned with demonstration of 

an ability to monitor changes in a proteome.  

Previously, graduate students in our laboratory, Michael Eleghasim and Allen 

Haddrell, demonstrated the ability to measure the downstream differential expression of a 

membrane bound pro-inflammatory mediator, intercellular adhesion molecule (ICAM)-1 
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as a function of dosing a cell culture with a known number of particles having known size 

and composition that had been formed in an electrodynamic levitation trap (EDLT).35,36,54 

ICAM-1 is a product of the activation of the pro-inflammatory pathway nuclear factor 

(NF)-κB, and as a result the measurement of the ICAM-1 protein expression has yielded 

valuable data in the study of particulate matter (PM) toxicity.35,36,54 However, there are 

numerous other pro-inflammatory pathways each involving intercellular signalling 

molecules that may or may not be different.  

Several techniques had been developed to identify and quantify secreted proteins 

prior to the emergence of MS based proteomic methods. The majority of these techniques 

are antibody based, such as ELISA and immunocytochemistry. These techniques are 

sensitive and selective because of the specificity of the antibody to the ligand.49,55 

Proteomic studies for biomarker identification using matrix assisted laser 

desorption ionization (MALDI-MS) continues to attract interest.25  MALDI is one of 

several prominent soft ionization techniques.38 MALDI is a technique used to ionize 

compounds having low volatility, including proteins and peptides, and it offers detection 

limits as low as attmomoles.45 This soft ionization technique is not selective; therefore, a 

technique such as MALDI-MS can be used to detect many of the biomolecules present in 

the sample.  

In this study, the differential expression of secreted biomolecules from human lung 

cell cultures (A549 cells) dosed with a known number of ambient particulate mimics of 

known size and composition was monitored using MALDI-TOF-MS. In addition, two 

biomolecules that are members of the cytokine family present in the supernatants were 

measured by ELISA.  
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3.2 Experimental 

3.2.1 Chemicals 

Minimum essential medium (MEM), trifluoroacetic acid (TFA), acetonitrile 

(ACN), trypan blue solution (0.4 %), dodecan-1-al (nC11-CHO), dodecan-1-oic acid 

(nC11-COOH), dodecan-1-ol (nC12-OH), minimum essential medium (MEM), fetal 

bovine serum (FBS), Trifluoroacetic acid (TFA), sinapic acid (SA) were purchased from 

Sigma-Aldrich Inc. India ink (Speedball, product #3338, Statesville, NC, USA) was used 

as the source for elemental carbon (Cs). Phosphate buffered saline (PBS) was purchased 

from Oxoid Ltd., Basingstoke, Hampshire, England. 

3.2.2 Starting solutions 

Stock solutions of india ink, dodecan-al (nC11-CHO), and dodecan-ol (nC12-OH) 

were prepared in distilled deionized water. A stock solution of 1.5 mM of dodecanoic 

acid (nC11-COOH) was prepared in minimum volume of ethanol and diluted with 

distilled deionized water. Nine starting solutions were prepared by combining aliquots 

from single component stock solutions to yield the solute concentrations listed in table 

3.1. 

Table 3.1 Initial India Ink and organic compound concentrations in the starting solution. 
starting Particle type India ink nC11-CHO nC12-OH nC11-COOH 
solution  (mg/mL) (M) (mM) (mM) 

a Cs 2.5    
b [Cs+ nC11-CHO]p 2.5 0.1   
c [nC11-CHO]p  0.1   
d [Cs+ nC11-CHO]p 2.5 1.5×10-3   
e [nC11-CHO]p  1.5×10-3   
f [Cs+ nC12-OH]p 2.5  1.5  
g [nC12-OH]p   1.5  
h [Cs+ nC11-COOH]p 2.5   1.5 
i [nC11-COOH]p    1.5 
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From these nine starting solutions, particles comprised of the compounds listed in 

table 3.2 were created using the apparatus described in section 2.2.  

Table 3.2 Composition of each particle generated per droplet (eg. aliquot) from the respective 
starting solution 

Starting Particle type Cs nC11-CHO nC12-OH nC11-COOH 
solution  (pg) (pg) (pg) (pg) 

a Cs 127    
b [Cs+ nC11-CHO]p 127 6×103   
c [nC11-CHO]p  6×103   
d [Cs+ nC11-CHO]p 127 94   
e [nC11-CHO]p  94   
f [Cs+ nC12-OH]p 127  94  
g [nC12-OH]p   94  
h [Cs+ nC11-COOH]p 127   94 
i [nC11-COOH]p    94 

 

3.2.3 Cell culture 

The alveolar type II epithelial cell line A549 (American Type Culture Collection 

(Manassas, VA, USA) was grown to >95% confluence on 18-mm glass cover slips placed 

in each of the wells of a 6-well plate (Corning). The cell cultures were grown in 

minimum essential medium (MEM) supplemented with 10 % heat-inactivated fetal 

bovine serum (FBS) under 5 % CO2 at 37 °C.  

3.2.4 Negative control 

The majority of the growth medium bathing the cell culture was drained of (~16 

μL of growth medium remained on the culture).35,36 The cover slip on which the culture 

had been grown was transferred to a sterile (35 mm x 10 mm) tissue culture dish that was 

placed in an incubation oven whose internal conditions were maintained at 100 % 

humidity, 37 °C and 5 % CO2.  No growth medium was added to the culture during the 

incubation period. 
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3.2.5 Droplet dispensing and levitation for particle formation 

Droplets were dispensed and levitated using the methodology described in section 

2.2.1 and 2.2.2. 

3.2.6 Particle delivery onto lung cells in vitro 

With a population of particles levitated in the AC trap, all but ~16 μL of the 

growth medium bathing a cell culture was drained off. The coverslip supporting the 

culture was then positioned on the top of the bottom electrode of the AC trap. The 

levitated particle population was extracted from the AC trap by applying a 1000 V 

potential to the bottom electrode. Immediately following particle deposition, the culture 

was transferred to a sterile (35 mm x 10 mm) tissue culture dish and incubated at 100 % 

humidity, 37 °C and 5 % CO2 with no medium added.  The total time elapsed between the 

draining of the growth medium and placing the culture onto which the particles had been 

deposited back into the incubation oven was <60 s. No growth medium was added to the 

culture during the incubation period.  

3.2.7 Supernatant collection and MALDI-TOF-MS sample preparation 

Following a 22 hrs incubation period for the culture, 200 μL of serum free growth 

medium was added onto the center well, and the culture incubated for an additional 2 h 

(in order for the fresh serum free medium to equilibrate with the supernatant) bringing the 

total incubation period to 24 h. Following the 24 hrs incubation period, 50 μL of 

supernatant was collected and a fresh 50 μL aliquot of serum free medium (SFM) was 

added into the center well in order to maintain the volume of the medium bathing the cell 

culture constant.  
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The biomoleucles in the supernatant were prepared for MALDI-MS as follows. A 10 

μL aliquot of the supernatant was diluted and conditioned by adding 2.0 μL of 2.5 %  

trifluoroacetic acid (TFA) in order to acidify the aliquot, and then 50 μL of 0.1 % TFA 

was added to dilute the aliquot of supernatant.  

3.2.8 MALDI-TOF-MS preparation and analysis of the supernatant 

A matrix solution was prepared by dissolving 5.0 mg of Sinapic Acid (SA) in 100 μL 

of acetonitrile (ACN) and 100 μL of 0.1 % TFA. A 4 μL aliquot of matrix solution was 

spotted onto a well of the MALDI plate and air dried.  

A C18 ZipTip (Millipore) was conditioned by wetting the ZipTip C18 bed with two 

washings of 10 μL reagent grade acetonitrile (ACN) followed by two washings of 10 μL 

of 0.1 % TFA. ~10 μL of the conditioned supernatant solution was aspirated into a C18 

ZipTip (Millipore) and dispensed back into the vial holding the supernatant. This was 

repeated 10 times. The ZipTip was then washed with two 10 μL aliquots of 0.1 % TFA. 

Biomolecules retained in the ZipTip were then eluted and spotted onto the same well of 

the MALDI-plate to which the matrix had been delivered and air dried using a 4.0 μL of 

solution containing an equal volume of ACN and 0.1 % TFA.  

 The supernatant was also collected using the method described following the 48 h 

and 72 h incubation time points. 

Mass spectrometric analysis was performed using MALDI-TOF-MS (Waters 

Corporation, Milford, MA, USA) equipped with a nitrogen UV laser (337 nm, pulse 

width 2 ns) and 1.2 m flight path in the linear mode, and controlled by MassLynx 

software (version 3.5, Waters Technologies Inc).  The standard operation conditions for 

biomolecule detection includes an accelerating voltage of 15 kV and the ion extraction 
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pulse voltage of 2450 V. All data were acquired using a positive ion linear mode. The 

mass spectra were acquired in the mass range from 3 to 25 kDa.  

3.2.9 Supernatant Analysis by Enzyme-Linked Immunosorbent Assay 

Following particle deposition and a 30 minute incubation period, the cell culture 

supernatant was collected as described in the manufacturer’s protocol. The concentration 

of each cytokine in the supernatant was measured by enzyme-linked immunosorbent 

assay (ELISA).  

3.2.10 Measurement of time required for the particles to adhere onto the cell 
culture  

A population of elemental carbon particles (Cs) were delivered onto a cell culture. 

Immediately after the delivery of the particles, the position where the particles landed 

was viewed using a calibrated optical microscope (Motic, AE31).  Particle adherence 

versus movement was observed by monitoring the position of the particle following the 

particle deposition at selected time points during the incubation period.  

3.2.11 Viability assay 
The viability of the cells was analyzed by trypan blue assay throughout this work. 

3.3 Results 

3.3.1 Characterization of particle diameter 

Droplets of initial volume 326 ± 194 pL were dispensed. Droplets were levitated 

and deposited onto a clean glass slide. Representative images of [Cs]p, [nC11-CHO]p and 

[nC11-CHO + Cs]p were viewed using an optical microscope and representative images 

are presented in figure 3.1. Figure 3.1b and e are images of [Cs]p formed from starting 

solution a in Table 3.1. Figure 3.1a and d are images of [nC11-CHO]p  formed from 
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starting solutions c and e, respectively, as defined in Table 3.1. Figure 3.1bc and f are 

images of [nC11-CHO + Cs]p formed from starting solutions b and d respectively, also as 

defined in Table 3.1. 

 

 

Figure 3.1 Representative image of a) 6 ng of dodecan-al of [nC11-CHO]p, b) 127 pg of carbon 
[Cs]p, c) 6 ng of dodecan-1l and 127 pg of carbon particles [nC11-CHO + Cs]p, d) 94 
pg of [nC11-CHO]p, e) 127 pg of carbon [Cs]p, and f) 94 pg of dodecan-al and 127 pg 
of carbon particles [nC11-CHO + Cs]p.  

 

3.3.2 Viability assay 

To determine the maximum time for the cells to stay viable, various negative 

controls were incubated for 1 h, 4 h, 6 h, and 18 h at which time the viability of these cell 

cultures were determined. Representative images of this cell viability assay of different 

cell cultures following different incubation period are presented in figure 3.2. It was 

observed that the cell culture is not viable following an 18 h incubation period. 
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Figure 3.2  Viability assay of the A549 cell culture following different incubation period. a) 
negative control, b) positive control., c) 1 h, d) 4 h, e) 6 h, and f) 18 h 

 

3.3.3 Particle movement 

Movement of particles deposited onto a culture, to learn the time required for the 

particles to adhere onto the cells, was monitored by tracing the movement of the particles 

from the site of delivery to the site where the particles settled. Representative images of 

the movement of the particles are shown in figure 3.3.It was observed that particles were 

moved following the deposition onto a cell culture (figure 3.3a-b) and were settling down 

following a 10 minute incubation period (figure 3.3c-d).  
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Figure 3.3 Representative images of moving particles. A) Initial position of particles following 
the particle delivery, B) Position of particles 20 seconds after particle delivery, C) 
Positions of particles after 10 minutes after particle delivery, D) Positions of particles 
after 10 minutes and 10 seconds after particle delivery.  

 

3.3.4 MALDI-TOF-MS from the supernatant of cell culture dosed with particles 
following a 30 min incubation period. 

Three representative mass spectra from a supernatant sample of a cell culture 

dosed with 6 ng of [nC11-CHO]p, and [6 ng of nC11-CHO + 127 pg of Cs]p particles are 

shown in figure 3.4. Each mass spectrum shown is the cumulative average of >50 

individual mass spectra collected from an individual sample. 
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Figure 3.4 Representative MALDI mass spectra from the supernatant A549 cell cultures dosed 
with a) 127 pg of dodecanal [nC11-CHO)]p, b) 6 ng of carbon [Cs]p, and c) 127 pg of 
dodecanal and 6 ng of carbon particles [nC11-CHO + Cs]p following a 30 minute 
incubation period. 
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The relative signal intensity of every ion peak in each mass spectrum was 

calculated using equation 3.1 where the difference between signal intensity of an ion, S, 

and the signal intensity of background, Sb, is divided by the difference between signal 

intensity of the reference peaks Sref with signal intensity of background, Sb. The 

background signal intensity, Sb was determined by taking the signal intensity average of 

the last 50 data points in each spectrum. The reference peak signal intensity, Sref was 

obtained from the signal intensity of the peak that has constant intensity in either negative 

control or test sample.  The assumption was made that the reference peak signal intensity 

was not dependent on the experimental factors.  In this case, Sref was the peak intensity at 

m/z= 8500 Da for mass spectra using a mass window from 3 to 10 kDa, Sref at m/z= 

12,300 Da for mass spectra using a mass window from 10 to 25 kDa. The relative signal 

intensity of these ion peaks are plotted in figure 3.6. 

 

Equation 3.1  Relative Ion Intensity= (S-Sb)/(Sref-Sb) 

 

Representative mass spectra collected from supernatant of the cell culture dosed 

with less than 100 particles per experiment, with any one experiment involving particles 

having the following compositions, [127 pg of Cs]p , [94 pg of nC11-CHO]p, [127 pg of Cs 

+ 94 pg of nC11-CHO]p, [94 pg of nC11-COOH]p, [127 pg of Cs + nC11-COOH]p, [nC12-

OH]p, or [127 pg of Cs+nC12-OH]p are shown in figure 3.5. Each mass spectrum shown is 

the cumulative average of >50 individual mass spectra collected from an individual 

sample. 
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Figure 3.5 Representative MALDI mass spectra from the supernatant A549 cell cultures dosed 
with a) negative control b) 127 pg of carbon particle [Cs]p, c) 94 pg of dodecanal 
particle [nC11-CHO]p, d) 94 pg of dodecanal containing 127 pg of carbon particles 
[nC11-CHO + Cs]p, e) 94 pg of dodecanoic acid particle [nC11-COOH]p, f) 94 pg of 
dodecanoic acid containing 127 pg of carbon particle [nC11-COOH + Cs]p, g) 94 pg of 
dodecanol [nC12-OH]p, h) 94 pg of dodecanol containing 127 pg of carbon particles 
[nC12-OH + Cs]p following a 30 minute incubation period. 
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Figure 3.6 Relative abundance of ions observed in the MALDI-TOF-MS of the supernatant 
collected from an A549 cell culture dosed with a population of 6 ng of dodecanal 
[nC11-CHO]p, and 6 ng of dodecanal containing 127 pg of carbon particles [nC11-
CHO + Cs]p following a 30 minute incubation period 

 

The relative ion intensity of every ion peak in each mass spectrum was calculated using 

equation 3.1. The relative signal intensity of differentially expressed biomolecules from cell 

cultures dosed with either 0 or 127 pg of [Cs]p containing 94 pg of [nC11-CHO]p, [nC11-COOH] p, 

or [nC12-OH]p particles are shown in figure 3.7 to 3.9 respectively. 
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Figure 3.7 Relative abundance of ions observed in the MALDI-TOF-MS of the supernatant 
collected from an A549 cell culture dosed with a population of a) 94 pg of dodecanal 
[nC11-CHO]p and b) 94 pg of dodecanal containing 127 pg carbon particles [nC11-
CHO + Cs]p following a 30 minute incubation period 
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Figure 3.8 Relative abundance of ions observed in the MALDI-TOF-MS of the supernatant 
collected from an A549 cell culture dosed with a population of a) 94 pg of dodecanoic 
acid [nC11-COOH]p and b) 94 pg of dodecanoic acid containing 127 pg of carbon 
particles [nC11-COOH + Cs]p following a 30 minute incubation period 
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.Figure 3.9 Relative abundance of ions observed in the MALDI-TOF-MS of the supernatant 
collected from an A549 cell culture dosed with a population of a) 94 pg of dodecanol 
[nC12-OH]p and b) 94 pg of dodecanol containing 127 pg of carbon particles [nC12-
OH + Cs]p following a 30 minute incubation period 
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3.3.5 Identification of biomolecules with ELISA 
Following the deposition of a population of [nC11-CHO + Cs] particles and a 30 minute 

incubation period, the concentration of CCL 24 and CCL 16 in A549 supernatant was measured 

by ELISA (figure 3.10). It was found that CCL 24 was upregulated from the cell culture dosed 

with [nC11-CHO + Cs ] particles 

 

 

Figure 3.10  a) Relative signal intensity of ion peaks at m/z = x and m/z = y measured by 
MALDI-TOF-MS, b) Optical density of CCL 24 and CCL 16 measured by ELISA. 

 

3.4 Discussion 
Particles with known size and compositions were created from volatile and non-

volatile compounds using a levitation apparatus.  The compounds used were compounds 

those are commonly present in the atmosphere as a result of anthropogenic activities. 

Though ambient particles are expected to be comprised of numerous compounds, this 

study investigated the cell response due to the presence of one organic compound on the 

particle.  Particles as prepared in the ac trap were observed prior to their use in dose-

response studies by delivering them onto a clean glass slide and measured using an 

optical microscope (figure 3.1).  Note that a particle population viewed using an optical 
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microscope was a different population than that delivered to a cell culture, though both 

populations were prepared similarly. 

The viability of different cell cultures following different incubation periods (1 h, 

4 h, 6 h, and 18 h) were ascertained using a trypan blue assay (figure 3.2). The cell 

cultures were viable up to a 6 h incubation period.  Following 18 h incubation period, the 

cell culture was not viable. In addition to the cell staining, cells also dislodged from the 

coverslip. The dislodgement of the cells is speculated to be due to dehydration of the cell 

culture. 

The adherence of particles onto the cell cultures was monitored immediately 

following particle delivery using an optical microscope. The particles were observed to 

be moving following the particle delivery. The particles were observed to not move on 

the cells after 10 minutes. This observation provided an important piece of information 

regarding the time at which the population of particles could be considered to be in close 

contact with the cells. 

Following a 30 minute incubation period, exposure of cell cultures to 16.5±12.2 μm 

diameter particles either [nC11-CHO]p or [nC11-CHO+Cs]p, resulted in observable 

differential expression of twelve different biomolecules in the mass spectra (figure 3.4). 

Similarly, mass spectra of cell cultures exposed to 6.3 ±0.4 μm diameter particles 

containing 127 pg of carbon [Cs]p, 94 pg of dodecanal [nC11-CHO]p, 94 pg of dodecanoic 

acid [nC11-COOH]p, 94 pg of dodecanol [nC12-OH]p, 94 pg of dodecanal containing 127 

pg of carbon particle [C11-CHO + Cs]p, 94 pg of dodecanoic acid containing 127 pg of 

carbon particle [nC11-COOH + Cs]p, or 94 pg of dodecanol containing 127 pg of carbon 

particle [nC12-OH + Cs]p resulted in differential expression of at least thirty different 
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biomolecules (figure 3.5). Thus, these are further evidence that size and compositions of 

particles resulted in differential secretion of biomolecules.  

Based on the molecular mass of the detected biomolecules, we speculate that the 

identity of these molecules may belong to the following classes of secreted proteins, β-

defensins, cytokines, and chemokines.  The mass of some of these compounds are 

compared to the m/z of the compounds observed to have been differentially expressed 

using MALDI-MS are presented in following tables.  

Table 3.3 Known signalling proteins that may being observed differentially expressed from the 
mass spectra collected from the supernatants of A549 cells dosed with either 0 or 127 
pg of [Cs]p particles containing 6.0 ng of [nC11-CHO]p 

Secreted Cytokines 
Biomolecule  

CCL 24 Unknown b 
CCL 27 Unknown c 
CCL 16 Unknown d 

IL 5 Unknown e 
IL 19 Unknown f 

Unknown a  

Table 3.4 Known signalling proteins that may being observed differentially expressed from the 
mass spectra collected from the supernatants of A549 cells dosed with 0 or 127 pg of 
[Cs]p containing 94 pg pf [nC11-CHO]p. [nC11-COOH + Cs]p, or [nC12-OH + Cs]p 

No 
Tentative 

Biomolecule No 
Tentative 

Biomolecules 
        
1 BD-7 16 MCP-1/CCL 2 
2 BD-6 17 BD-16 
3 BD-27 18 CXCL 14 
4 BD-3 19 CCL 24 
5 BD-14 20 CCL 16 
6 BD-34 21 CXCL 9 
7 BD-11 22 CCL 21 
8 BD-24 23 PF-4/Oncostatin A 
9 BD-35 24 IL-13 
10 BD-36 25 IL-2 
11 MIP-1b 26 TNF-a 
12 CCL 3 27 BD-29 
13 CCL 4 28 IL-18 
14 CCL 20 29 IL-12a 
15 CCL 22 30 OSM 
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The biomolecules that were observed to be upregulated in this short of a time 

frame are believed to have been pre-made and stored in vesicles within the cell, ready to 

be released upon stimulation of the cell.  The species that are down regulated are possibly 

those mediators that are taken up by the cell once the culture is stimulated; significant 

down regulation in this short of a period of time suggests that numerous receptors for 

these molecules must also have been pre-made by the cell and readily expressed.  

Following exposure of the cell culture to 127 pg of [Cs]p particles containing 6.0 

ng of [nC11-CHO]p particle, the MALDI-MS ion intensity of the ion at m/z= 10,423 Da 

correlated with the optical density of CCL 24 as measured by ELISA from the same 

supernatant samples.   

3.5 Conclusion 
The use of technology and methodology described has demonstrated its ability to 

provide results that are able to address issues regarding the effect of ambient PM and 

lung inflammations. EDLT technology allows the formation of particle types with known 

size and compositions and the delivery of the particles directly onto an air-liquid interface 

culture.  In principle, methodologies developed to identify proteins using mass 

spectrometry can be applied to identify the compounds detected in this work.  In practice, 

the abundance of these compounds in these samples may prove a limiting factor in their 

identification. 
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CHAPTER 4  
DEVELOPMENT OF METHODOLOGY 

TO DEPOSIT PM2.5 ONTO LUNG 
CELLS IN VITRO 

4.1 Introduction 
The impact of ambient air pollution such as particulate matter (PM) on health 

effects has been extensively reported.2,56-58 PM are suspended particles <10 μm in 

diameter having complex chemical composition including mineral dusts, soots, sea spray, 

biologic materials and additional compounds formed by atmospheric chemistry.59-61 In 

vitro studies with human and rat alveolar macrophages exposed to urban particulate 

matter exhibit cytotoxicity, production of oxygen radicals and release of various 

cytokines, suggesting that these cells are key players in events that lead to lung injury and 

inflammatory responses following exposures to ambient particles.62,63 The 

characterization of how components within PM are involved in causing these effects is 

the subject of many studies worldwide.64 

Numerous strategies to study PM toxicity have been developed. A common in vivo 

and in vitro strategy is to use a size-segregated collection of ambient particles from 

filters, separation of the soluble and insoluble fractions followed by instillation of these 

fractions to an animal model or incubation with lung cells.65-67 Another strategy involves 

incubation of lung cells with compounds, or individual compounds, that have been 
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identified as existing on ambient particles so as to characterize the lung cell injury caused 

by those compounds.68-70 

Allen Haddrell, a prior graduate student, developed an in vitro methodology to the 

study inflammation potential of ambient PM that utilized a particle levitation trap 

apparatus to generate PM10 particles (∅ = 6 μm) of known composition. The capability 

was then demonstrated the capability to deliver the particles directly onto a cell 

culture.35,36  The primary goal of the method development described in this chapter was to 

mimic ambient PM2.5 exposure in vivo and elucidate the individual compounds most 

significant in causing response, such as expression of adhesion molecules and of cytokine 

secretion.  

I started by adopting the Haddrell PM10 methodology to generate ambient PM2.5 

with the intention of also delivering the particles onto cell cultures. It was soon observed 

that this method was not performing well for carbon particles with diameter of 2.4±0.1 

μm. Carbon particles could be caused to make contact with the cells, but they did not 

adhere to the cells. As a consequence, an investigation of methodology to enable direct 

delivery of PM2.5 onto cell cultures, with the establishment of cell-particle interaction 

leading to the particles remaining in contact with the cells was initiated.  

As will be described, many variations to this methodology were investigated and 

it was generally observed that cell cultures were not viable but that carbon particles did 

adhere to the cells, or vice versa. Throughout this study, the viability of the cell culture 

was determined using a trypan blue assay. Ironically, because carbon particles were used 

extensively in this phase of the project, only in the end was it evident that clear progress 

was made in developing a robust methodology.  This can now be attributed to the fact 
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that, in these experiments, there was repeated observation of carbon particles not 

adhering tightly to viable A549 cells regardless of the method. It turns out that the 

interaction between black carbon particles and A549 cells do not favour their adherence, 

even after centrifugation.  The inadvertent outcome, in retrospect could be argued as not 

surprising, was in fact responsible for the successful development of a method for 

creating and dosing A549 cells with carbon particles < 2.5 μm in diameter, such that 

~>80 % of the particles per population do adhere to A549 cells that remain viable for 

incubation periods at least as long as 72 hours.   

4.2 Chemicals 
Lippopolysaccharide from E. Coli (Serotype 0.111:B4, L-2630) (LPS), tumor 

necrosis factor alpha (T6674-10UG ) (TNFα), minimum essential medium (MEM), 

trifluoroacetic acid (TFA), sinapic acid (SA), acetonitrile (ACN), trypan blue solution 

(0.4%) were purchased from Sigma-Aldrich Inc. Phosphate buffered saline (PBS) was 

purchased from Oxoid Ltd., Basingstoke, Hampshire, England. 20 nm diameter 

fluospheres were purchased from Molecular Probes, Invitrogen Inc., Burlington, ON, 

Canada. These fluospheres are polystyrene-based spheres (density = 1.05 g/ml) that 

encapsulated ~180 fluorescein molecules per fluosphere. India ink (Speedball, product 

#3338, Statesville, NC, USA) was used as the source for elemental carbon (Cs). L-

glutamine, MEM Vitamin, and fetal bovine serum (FBS) were purchased from Invitrogen 

Corporation, Burlington, Ontario, Canada. 

4.2.1 Growth medium 

Minimum essential medium (MEM) solution was prepared from MEM powder 

according to instructions provided by the supplier of this material. 9.4 g MEM powder 
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was added to 1 L of distilled deionised water. While this solution was stirred, 2.2 g of 

sodium bicarbonate (NaHCO3) powder was added. The pH of the resulting solution was 

adjusted to 7.6 with 1 N sodium hydroxide solution. With dissolution of the solids added, 

this solution was filtered in a biological safety cabinet (Forma scientific Inc. # 14567-

386, Marietta, OH, USA) using a sterilized cellulose acetate membrane filter having a 

mean pore size of 0.2 µm. Following filtration, 10 mL of L-glutamine, 10 mL of MEM 

vitamin, and 100 mL of fetal bovine serum (FBS) were added into the 1 L of MEM 

solution: 

According to the manufacturer, L-glutamine has pH in the range of 4.7 - 6.0 and 

contains 29.8 mg L-glutamine per mL in 0.85 % sodium chloride. It is required for 

nucleic acid synthesis, and is a source of energy for the cells.71 

MEM Vitamin according to the manufacturer has pH (7.0 - 7.4) and contained 

vitamin B-complex in 0.85 % saline. These vitamins are required mostly for cell growth, 

energy production, and synthesis of genetic materials and phospholipids.71-73 

FBS solution contains proteins, growth factors, hormones, amino acids, and 

minerals.71 Albumin in FBS serves as a carrier for lipids and minerals. Transferrin 

detoxifies the medium by binding metals.35,36,51,74-77 Fetuin in FBS promotes cell 

attachment and spreading.71 

Growth factors stimulate cell proliferation.78,79 The hormones are required for 

cellular uptake of glucose and amino acids.80-82 Amino acids are precursors for the 

synthesis of phospholipids.(13) Metals including iron, copper and zinc are cofactors for 

enzymes.(32) 
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4.2.2 Serum free medium (SFM) 

SFM solution was prepared similarly to MEM solution (section 4.2.1) except, it 

did not contain FBS. 

4.2.3 Phosphate buffered saline (PBS) 

This solution was prepared according to the manufacture’s directions as follows. 

A tablet of PBS salt was dissolved in 100 mL distilled deionised water, and the resulting 

solution autoclaved at 115 oC for 10 minutes. The resulting concentrations of the different 

salts in PBS were 1.4×10-1 M NaCl, 2.7×10-3 M KCl, 6.5×10-3M Na2HPO4.2H2O, and 

1.5×10-3 M KH2PO4.  

4.3 Starting solutions 
An example of a starting solution from which carbon particles (Cs) were prepared, is 

as follows. 1.5 × 10-3 g/mL of india ink and 1.3 × 10-6 g/mL of fluospheres in distilled 

deionized water were prepared. From this solution, carbon particles with 2.4 ± 0.1 μm in 

diameter (~76.7 pg carbon) were created using the apparatus described below. The 

fluospheres were added to the starting solution simply to assist with visualizing particles 

after delivery to the culture, to count how many particles adhered after an incubation 

period, and monitoring the breakdown of the particles (eg. break up of the aggregate of 

carbon black nanoparticles).  The concentration of fluospheres in starting solution was 

held constant.   

4.4 Droplet dispensing and levitation for particle formation 
An AC trap was employed to trap, levitate, and deposit a population of particles 

on a bare glass slide or cell culture (figure 4.1). 10 µL of a starting solution was used to 

fill the reservoir of a droplet-on-demand dispenser (MJ-AB-01-60, MicroFab 
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Technologies Inc., TX, USA). A 120 Hz pulsed waveform of amplitude 50 V was applied 

to activate the piezoceramic element of the dispenser (figure 4.2). With each activation of 

the piezoceramic, an acoustic pressure wave within the cavity of the dispenser caused a 

volume of the starting solution to be forced through the dispenser nozzle. This volume of 

solution formed a jet of liquid that because of its momentum, separated from the nozzle 

and collapsed to form an individual droplet. These droplets were estimated as being 326 

± 194 pL at the instance of their formation. 

 

Figure 4.1 A) Schematic diagram of the AC trap apparatus. B) Schematic diagram depicting 
picoliter aliquots of a starting solution being dispensed from the droplet dispenser, 
with each aliquot forming a single droplet, some of which were captured in the AC 
trap and levitated. 

 

A DC potential of 500 V was applied to the induction electrode, which was a flat 

plate having a 5 mm diameter hole cut into it during droplet dispensing. That hole was 

centered under the nozzle of the dispenser. The induction electrode was positioned 2 mm 

from the tip of the nozzle. The electric field created between the plate and the nozzle 

induced differential ion mobility in the jet of solution prior to it separating from the 

nozzle to form a droplet with net elementary charge. 

While dispensing droplets, the AC waveform applied to the two ring electrodes of 

the AC trap was a sinusoidal waveform 50 Hz and 2.4 kV0-P.  The frequency of this 

waveform was then manually ramped to 1,050 Hz over a period of ~2 s. The loss of mass 
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from the droplets due to the evaporation of solvent, water or ethanol, necessitated 

tracking the electric field in the AC trap to prevent the remnant of each droplet from 

being ejected from the AC trap. The remnant of each droplet is hereafter referred to as a 

particle.  

4.5 Cell culture 
The alveolar type II epithelial cell line A549 (American Type Culture Collection 

(Manassas, VA, USA) was derived from a human lung carcinoma in a 58 year old 

Caucasian male.83 This cell line exhibits many features of alveolar type type II cells. 

These cells have been used extensively in studies of particulate matter-induced responses 

via ICAM-1 expression.35,84,85 This cell line has also been used as a model to study 

alveolar reactivity to micro-organisms and macromolecules.86  

4.5.1 Cell passaging 

Cell passaging was performed in a biological safety cabinet. Growth medium 

bathing the cell culture grown on a tissue culture dish (100 mm × 20 mm) was aspirated 

and the culture rinsed with PBS solution. 1 mL of trypsin-ethylenediaminetetraacetic 

acid (Trypsin-EDTA) solution was added and incubated for 5 min. The purpose of 

adding Trypsin-EDTA solution was to detach the cells from their support. After 

incubation, trypsinized cells were collected using 5 mL of minimal essential medium 

(MEM) and placed in a 15 mL test tube. This test tube was centrifuged at 1000 

revolutions per minute (rpm) for 5 min enabling cell pellet formation. The MEM was 

aspirated after centrifugation. Pelleted cells were resuspended with 10 mL of fresh 

aliquots of fresh MEM. 0.5 mL of the solution containing the resuspended A549 cells 

was dispensed onto an 18 mm × 18 mm cover slip placed in each well of a six-well plate 
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(corning) containing 2 mL of MEM. Cells were grown to 95 % confluence in an 

incubator at conditions of 37 oC, 5 % CO2, and 100 % relative humidity before use. The 

average incubation time for the cells to grow to 95 % confluence was 24 h. 

Cell cultures were also grown on other supports, including 60 mm × 15 mm tissue 

culture dishes (BD Falcon # 353004), and 60 mm × 15 mm center well organ culture 

dishes (BD Falcon # 355037) (figure 4.3). To grow a cell culture on a tissue culture 

dish, 1 mL of the solution containing the resuspended A549 cells was dispensed onto a 

60 mm × 15 mm tissue culture dish containing 2 mL of MEM. To grow a cell culture on 

the center well of an organ cell culture dish, 1 mL of the solution containing the 

resuspended A549 cells was dispensed into the center well of 60 mm × 15 mm center-

well organ culture dish. 

 

Figure 4.2 (A) Photgraph and (B) sketch of a center-well organ culture dish. 

 

4.6 Negative control for dose-response experiments using particles 
formed in an AC trap. 
The majority of the growth medium bathing the cell culture was drained. The cover 

slip on which the culture had been grown was transferred to a sterile (35 mm x 10 mm) 
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tissue culture dish that was placed in an incubation oven whose internal conditions were 

maintained at 100 % humidity, 37 °C and 5 % CO2.  

Depending on the particle delivery method and support used, the negative control 

was treated the same as the test sample except there were no particles delivered from the 

levitation trap.  

4.7 Particle delivery onto lung cells in vitro 

4.7.1 Existing methodology 

A methodology that enabled to deposition of PM10 particles had been developed, 

and it was shown that dose response studies involving particles of 6 μm in diameter could 

be reproducibly performed. 35,36 My studies began with the use of this method to deposit 

particles of 2.4 ± 0.1 μm. A schematic diagram illustrating the particle delivery onto a 

cell culture grown on a coverslip is shown in figure 4.4. With a population of carbon 

particles levitated in the AC trap, some but not all growth medium bathing a cell culture 

was drained off by gently, but quickly touching one side of the coverslip on a kimwipe. 

In doing so, an estimated 85 μL of the 100 μL of growth medium bathing the cells was 

removed from the coverslip. The residual 15 μL was intended to keep the cells moist. The 

coverslip supporting the culture was then placed on the top of the bottom electrode of the 

AC trap. The levitated particle population was extracted from the AC trap by applying a 

1000 V DC potential to the bottom electrode. Immediately following particle delivery, 

the culture was transferred to a sterile tissue culture dish (35 mm × 10 mm) and incubated 

at 100 % humidity, 37 °C and 5 % CO2 for 30 min with no medium added. The total time 

elapsed between the draining of the growth medium, delivering the population of 

particles, and placing the culture back into the incubation oven was <60 s. No growth 
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medium was added to the culture during the incubation period. Following the incubation 

period, the cell viability was tested using trypan blue assay. In general, it was observed 

that the cells were viable but the particles did not adhere, or vise versa.  

With this outcome, the method was clearly not satisfactory with respect to the 

dosing A549 cultures with PM2.5 particles. Modification of this method for use with 

PM2.5 was required. 

 

 

Figure 4.3 Schematic diagram of particle delivery onto a cell culture supported on a coverslip A) 
an aliquot of a starting solution was dispensed from a droplet dispenser and the 
resulting droplet per aliquot levitated, B) solvents from each levitating droplet 
evaporate, causing the non-volatile compounds from the droplet to precipitate and 
coagulate forming particles, C) a cell culture positioned underneath the levitation 
chamber, D) a potential was applied to the bottom end cap electrode to extract the 
population from the trap, depositing the particles onto the cell culture. 

 

4.7.2 Removal of a majority (estimated > 90%) of the growth medium 

This method is similar to that described in the previous section. The difference 

from the previous section is that a lot more growth medium was removed by touching all 

the coverslip sides onto a kimwipe. It is estimated that approximately 90% of the 100 μL 

of media bathing the cell culture was removed. 
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With a population of carbon particles levitated in the AC trap, the growth medium 

bathing a cell culture was drained off by quickly touching all sides of the coverslip on a 

kimwipe, <16 μL of growth medium was left on the coveslip supporting the cell culture. 

The coverslip supporting the culture was then placed on the top of the bottom electrode 

of the AC trap. The levitated particle population was extracted from the AC trap by 

applying 1000 V DC potential to the bottom electrode. Immediately following particle 

delivery, the culture was transferred to a sterile tissue culture dish (35 mm x 10 mm) and 

incubated at 100 % humidity, 37 °C and 5 % CO2 for 30 min with no medium added. 

Following the incubation period, it was observed that the cell cultures were not viable, 

but the particles were observed to not move when viewed using the camera on the 

microscope. 

4.7.3 Without removal of the growth medium 

In this section, the coverslip was placed directly onto the bottom end-cap 

electrode without touching a kimwipe to any edge of the coverslip. 

With a population of carbon particles levitated in the AC trap, the coverslip 

supporting the culture was then placed on the top of the bottom electrode of the AC trap 

without draining any of the media, estimated to be ~100 μL. The levitated particle 

population was extracted from the AC trap by applying a 1000 V DC potential to the 

bottom electrode. Immediately following particle delivery, the culture was transferred to 

a sterile tissue culture dish (35 mm × 10 mm) and incubated at 100 % humidity, 37 °C 

and 5 % CO2 for 1 h with no additional medium added. 

Following the incubation period, the viability of the cell culture was analyzed by 

trypan blue assay. It was observed that the cells in the culture were viable, but particles 
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were observed to move when viewed using sequential images acquired using the camera 

on the microscope. 

4.7.4 Addition of a fresh aliquot of serum free medium (SFM) 

This method is similar to method 4.7.1, with only the following additional step. 

Immediately following carbon particle delivery, the culture was transferred to a sterile 

tissue culture dish (35 mm × 10 mm) and incubated at 100 % humidity, 37 °C and 5 % 

CO2 with no medium added for 30 min. Following this incubation time, 100 μL of SFM 

were added onto the cell culture and re-incubated for 18 h.  

Following the incubation period, it was observed that cells were viable but the 

particles again did not adhere. The same method was also repeated, by adding 4 × 25 μL 

of SFM medium at the corners of the coverslip after 30 min. Using this method, the 

outcome was observed to be same, cells were viable, but the particles did not adhere to 

any cell. 

4.7.5 Serum Free Medium (SFM) aerosol exposure 

In this section, a nebulizer and spray chamber were employed in order to create 

fine SFM aerosol. A schematic diagram of the nebulizer and the spray chamber is shown 

in figure 4.4. Compressed air was connected to the inlet of the nebulizer. SFM was 

aspirated through the capillary tube. The air flow around the capillary tip ruptures the 

solution being drawn from the capillary tube into droplets that are then carried into the 

spray chamber. In the spray chamber, large droplets impact on the spray chamber walls 

with that liquid flowing to the waste outlet. Emerging from the spray chamber was an 

aerosol having droplets < 10 μm in size and vapour that was directed to the cell culture. 
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Figure 4.4 Schematic diagram of the nebulizer and spray chamber. Diagram is not drawn to 
scale. 

 

Similar to method 4.7.2, immediately following particle delivery, the culture was 

transferred to a sterile tissue culture dish (35 mm × 10 mm) and exposed to aerosolized 

SFM for 10 s. The cell culture was then incubated at 100 % humidity, 37 °C and 5 % CO2 

for 30 min, and these steps then repeated bringing the total incubation time to 1 h. 

Following the incubation time, the cell culture was observed to be not viable however, 

the particles adhered. 

Because this method was not able to keep the cell culture viable, a variety of 

aerosolized SFM exposure times and additions of fresh aliquots of SFM were performed. 

Following variation of this procedure, each cell culture was placed in the incubator for a 

total incubation time of 4 h. The permutations of SFM exposure time, incubation period, 

and volume of SFM added are summarized in table 4.1. From these permutations, it was 

observed that the cell cultures were not viable, but the particles adhered. 
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Table 4.1  Variation of the SFM exposure time, the incubation period and the volume of SFM 
added 

SFM 
aerosol 

exposure 

Incubation 
period 

SFM 
aerosol 
added 

Incubation 
period 

SFM 
added 

Incubation 
period 

Cell 
viability 

Particle 
adherence 

(sec) (Min) (sec) (Min) (μl) (Hrs)   
10 30 10 30 100 4 No Yes 
10 15 10 15 100 4 No Yes 
10 15 10 15 4x25 4 No Yes 
20 15 20 15 4x25 4 No Yes 
60 15 60 15 4x25 4 No Yes 
0 15 30 15 4x25 4 No Yes 

 

4.7.6 Variation of the DC potential at the bottom end-cap electrode 

The variations of the methodology described were evaluated based only on 

whether the cells were viable and if the carbon particles adhered. It was observed that 

when ‘all’ of the growth medium on the cell cultures was removed, the cells were not 

viable yet the particles adhered. When ‘some but not all’ of the growth medium was 

removed, the opposite outcome was observed. From these observations, it was 

abundantly clear that there should be sufficient enough growth medium on the coverslip 

supporting cell culture in order to keep the cell culture viable for a 24 h incubation period 

(time required to stimulate cells and measure resulting maximum ICAM-1 expression per 

dose), while observing particles adherence, the trick was readily attaining this optimum 

and then being able to reproduce the conditions. 

In the sections described below, not only was the amount of the growth medium 

varied, but also the DC potential at the bottom end-cap electrode was varied. A rationale 

for increasing the DC potential was to generate a stronger electric field for extracting the 

levitated particles, so as to allow them to break the surface tension of the growth medium 

on the air-liquid surfaces and liquid-cell, assuming this is a factor in achieving dose-

response with the particle levitation platform. 
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4.7.6.1 The Haddrell Methodology 

Similar to the method described in section 4.7.1, the levitated carbon particle 

population was extracted from the AC trap by applying 2000, 3000, or 4000 V DC 

potential to the bottom electrode. Immediately following particle delivery, the culture 

was transferred to a sterile tissue culture dish (35 mm × 10 mm) incubated at 100 % 

humidity, 37 °C and 5 % CO2 for 1 h. Following the incubation period, the cell culture 

was observed to be not viable, however the particles adhered. 

4.7.6.2 Removal of a majority of the growth medium 

Using the same method described in section 4.7.2, in preparing the cell culture for 

particle delivery, the levitated carbon particle population was extracted from the AC trap 

by applying a 2000 V potential to the bottom electrode. Immediately following particle 

delivery, the culture was transferred to a sterile tissue culture dish (35 mm × 10 mm) and 

exposed to aerosolized SFM for 20 s. The cell culture was then incubated at 100 % 

humidity, 37 °C and 5 % CO2 for 15 min and repeated for a total incubation time of 30 

min. Following the incubation time, 4×25 μL of SFM was added onto the cell culture and 

re-incubated for 30 min. Following the incubation period, though the particles were 

observed to not move when viewed using the camera on the microscope, but the cell 

culture was not viable. 

 This method was also performed by applying 3000 and 4000 V DC potentials to 

the bottom end cap electrode. The outcome was observed to be the same. 

4.7.6.3 Without removal of the growth medium 

Using the same method described on section 4.7.3, the levitated carbon particle 

population was extracted from the AC trap by applying a 2000 V potential to the bottom 
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electrode. Immediately following particle delivery, the culture was transferred to a sterile 

tissue culture dish (35 mm × 10 mm) and exposed to aerosolized SFM for 20 s. The cell 

culture was then incubated at 100 % humidity, 37 °C and 5 % CO2 for 1 h. Following the 

incubation period, the cell culture was viable, but the particles were not adhered to cells 

when viewed using the camera on the microscope. 

This method was also performed by applying 3000 and 4000 V DC potential to 

the bottom end cap electrode. The result was observed to be the same. 

4.7.7 Centrifugation of the cell culture 

In this section, centrifugation of the cell culture following the particle delivery 

was employed to realize particle-cell contact. 

4.7.7.1 Cell culture grown on coverslip 

Using method described in section 4.7.1, the levitated carbon particle population 

was extracted from the AC trap by applying a 4000 V DC potential to the bottom 

electrode. The culture was transferred to a sterile tissue culture dish (35 mm × 10 mm) 

and centrifuged at 1000 revolutions per minute (rpm) for 1 min. Following the 

centrifugation, the cell culture was incubated at 100 % humidity, 37 °C and 5 % CO2 for 

30 min. Following the incubation time, the cell culture was observed to be not viable and 

particles were not able to located. 

4.7.7.2 Cell culture grown on a tissue culture dish 

A cell culture was grown on a tissue culture dish. With a population of carbon 

particles levitated in the AC trap, ~80% of the 100 μL of the growth medium bathing a 

cell culture was removed by aspiration. The cell culture was then placed on the top of the 

bottom electrode of the AC trap. The levitated particle population was extracted from the 
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AC trap by applying a 4000 V DC potential to the bottom electrode. Following delivery 

of the particles, the cell culture was centrifuged at 1000 rpm for 1 min. Following the 

centrifugation, 100 μL of SFM was added onto the cell culture and incubated at 100 % 

humidity, 37 °C and 5 % CO2 for 18 h. Following the incubation time, the cell culture 

was observed to be viable and particles (> 80%) were observed to not move when viewed 

using the camera on the microscope. 

The speed of centrifugation was also performed at 1100, 1200, 1300, 1500 and 

2000 rpm for 1 and 2 minute periods. At these higher centrifugation speeds and longer 

times, the cell culture was observed to be viable, and though the particles were in contact 

with cells and observed to not move, the particles had left “trench-like” tracks across the 

cell culture.  

Another issue when using a tissue culture dish (60 mm × 15 mm) as the support, 

was the difficulty in locating the particles following the centrifugation due to the large 

area of the dish and therefore it required considerable time to locate the positions of the 

particles. This had an additional negative effect of leaving the cell culture out at room 

temperature too long and hence cell culture viability was a concern. 

4.7.7.3 Cell culture grown on a center-well organ culture dish 

A cell culture was grown on a center-well organ culture dish. With a population 

of carbon particles levitated in the AC trap, 3 mL of distilled deionized water was added 

into the moat of the dish. The growth medium bathing the cell culture was aspirated using 

a 1000 μL pipette as follows. The dish was tilted at ~45° followed by aspiration of ~500 

μL of the growth medium. This step was repeated by tilting the culture dish in the 

opposite direction until no more growth medium was pooled and able to be aspirated. The 
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reason for using this method to aspirate the growth medium was to distribute the 

remaining growth medium in the center-well where the cells were. With the growth 

medium was aspirated as described, 50 μL of fresh aliquot of SFM was added into the 

cell culture. The cell culture was then placed on the top of the bottom electrode of the AC 

trap. The levitated particle population was extracted from the AC trap by applying 4000 

V potential to the bottom electrode. Following delivery of the particles, the cell culture 

was centrifuged at 1000 rpm for 1 min and incubated at 100 % humidity, 37 °C and 5 % 

CO2 for 18 h. After the incubation period, the cell culture was found to be viable, and 

52±7% particles were observed to adhere when viewed using the camera on the 

microscope.  

In a subsequent experiment, following the 24 h incubation of the cell culture with 

LPS containing carbon particles (65 pg of LPS per particle), the culture was found to be 

viable, and 92±3% particles were observed to adhere when viewed using the camera on 

the microscope. 

4.8 Summary 
Delivery of PM2.5 particles onto cell cultures using the Haddrell PM10 methodology 

was observed to be not suitable for depositing  2.4 μm particles. Growing the cell culture 

on a center well organ culture dish and centrifugation of the delivered particles, was 

found to be the one procedure out of all outlined where the cell culture remained viable 

following an 18 h incubation period, and > 50 % particle adherence (Carbon particles). 

Additionally, particles compositions is also the factor for particle adheranence. 
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CHAPTER 5  
INCUBATION OF 2.4±0.1 μM 

LIPOPOLYSACCHARIDE PARTICLES 
CONTAINING CARBON WITH 

HUMAN LUNG CELLS (A549) AND 
MEASUREMENT OF SELECTED 

CYTOKINE EXPRESSION 
5.1 Introduction 

The lung is constantly exposed through inhalation to ambient particles and 

potentials pathogens. To cope with this pressure, the lung has evolved a sophisticated 

defence mechanism designed to clear offending agents while inducing a minimum 

amount of concomitant inflammation. At first, mechanical defences constituted by the 

“mucociliary escalator” in the upper respiratory tract participate in the removal of solid 

material from the tracheobronchial tree.1 Augmenting this path of removal are resident 

and recruited phagocytes in the lower respiratory tract and alveoli ingest particulate 

matter and pathogens that circumvent the first line of defence. Pulmonary epithelial cells 

maintain integrity by modulating local immune responses. These cells respond to a range 

of stimuli by producing pro-inflammatory mediators, that influence airway 

inflammation.13-15,87  

Lipopolysaccharide (LPS) is a soluble component of endotoxin, found on the 

outer cell wall of gram-negative bacteria.88 LPS is present in many different air borne 
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particle types, such as tobacco smoke, windblown mineral dust, and a variety of 

occupational and residential indoor dusts.  In vivo and in vitro exposure to LPS has been 

measured to result in the upregulation of pro-inflammatory mediators such as interleukin 

(IL)-8, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, granulocyte colony-stimulating 

factor (G-CSF) and intercellular adhesion molecule (ICAM)-1.53,89 A number of studies 

have correlated the presence of elevated levels of these pro-inflammatory mediators in 

the blood and in tissues with the pathogenesis of the majority of the adverse effects on 

human health that result from particulate air pollution. 

Haddrell et al., measured differential expression of ICAM-1 from previous studies 

as a result from dosing an A549 cell culture with up to 150 particles of known size and 

composition.36,54,90 Herein, we describe a levitation apparatus and a methodology to 

generate particles of known size whose composition is of relevance in the troposphere 

and then deliver those particles directly onto cells in vitro. The particles used in this study 

were comprised of elemental carbon plus LPS. LPS is used in this experiment because 

studies have found significant concentrations of endotoxin in ambient PM, with daytime 

average concentration as high as 100 endotoxin units (EU)/mg ambient particles.91-93 

Furthermore, many investigators have suggested that endotoxins play a substantial role in 

determining the overall toxicity of PM.94-96 ICAM-1 is a product of the major pro-

inflammatory pathway nuclear factor (NF)-κB’s activation and as a result the 

measurement of the ICAM-1 protein has yielded valuable data with regards to the 

association of the chemical composition of particulate matter (PM) with its overall 

toxicity. 36,54,90  Following an incubation period, differential expression of multiple 
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biomolecules and the differential expression of ICAM-1 from cells at different locations 

across the cell culture were measured. 

5.2 Experimental 

5.2.1 Chemicals 

Lippopolysaccharide from E. Coli (Serotype 0.111:B4, L-2630) (LPS), tumor 

necrosis factor alpha (T6674-10UG ) (TNFα), minimum essential medium (MEM), fetal 

bovine serum (FBS), trifluoroacetic acid (TFA), sinapic acid (SA), acetonitrile (ACN), 

trypan blue were purchased from Sigma-Aldrich Inc. 20 nm diameter fluospheres was 

purchased from Molecular Probes, Invitrogen Inc., Burlington, ON, Canada. These 

fluospheres are polystyrene-based spheres (density = 1.05 g/ml) that encapsulated ~180 

fluorescein molecules per fluosphere. India ink (Speedball, product #3338, Statesville, 

NC, USA) was used as the source for elemental carbon (Cs). L-glutamine, MEM 

Vitamin, and fetal bovine serum (FBS) were purchased from Invitrogen Corporation, 

Burlington, Ontario, Canada. Primary antibody, mouse anti human ICAM-1 monoclonal 

antibody was purchase from Immunotech, Marseille, France. Scondary antibody, 

fluorescently labelled goat anti-mouse IgG (Alexa Fluor 546) was purchased from 

Molecular probes, Eugene, OR, USA. 

5.2.2 Starting solutions 

Starting solution containing 1.5 mg/mL of india ink with either 0, 0.02 mg/mL, or 

0.2 mg/mL of LPS, and 1.3×10-6 g/mL of fluospheres in distilled deionized water were 

prepared. From these solutions, carbon particles with 2.4 ± 0.1 μm in diameter containing 

0, 6.5, or 65 pg of LPS, plus fluospheres were created using the apparatus described 

below. 
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5.2.3 Droplet dispensing and levitation for particle formation 

Droplets were dispensed and levitated using methodology described in section 

4.4. 

5.2.4 Cell culture 

The alveolar type II epithelial cell line A549 (American Type Culture Collection 

(Manassas, VA, USA) was grown to ~95% confluence on a center-well organ culture 

dish (BD Falcon, 353653). The cell cultures were grown in minimum essential medium 

(MEM) supplemented with 10 % heat-inactivated fetal bovine serum (FBS) under 5 % 

CO2 at 37 °C.  

5.2.5 Negative control 

3 mL of autoclaved distilled deionized water was added into the moat of a center-

well organ culture dish. The growth medium bathing the cell culture was removed, and 

50 μL of fresh serum free growth medium was added to the cell culture. The cell culture 

was then placed on the bottom electrode for 5 s, and the dish was removed and then 

centrifuged at 1,200 relative centrifugal forces (rcf) for 1 min. The cell culture was then 

placed in an incubation oven for 22 hrs whose internal conditions were maintained at 100 

% humidity, 37 °C and 5 % CO2.  

5.2.6 Positive control 

3 mL of autoclaved distilled deionized water was added into the moat of a center-

well organ culture dish and the growth medium bathing the cell culture was removed. 

Following the removal of the growth medium from the culture in the center well as 

described previously, 10 μL of a solution having 10 mg/mL of TNF-α in water was 

diluted into 200 μL of serum free medium, and then the resulting solution added to the 
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cell culture. The dish supporting the cell culture was placed in an incubation oven for 22 

hrs whose internal conditions were maintained at 100 % humidity, 37 °C and 5 % CO2.  

5.2.7 Particle delivery onto lung cells in vitro 

With a population of particles levitated in the AC trap, the growth medium bathing 

the cell culture was removed using a hand-held pipette as described previously. 50 μL of 

fresh serum free growth medium was then delivered onto the cells in the center-well. The 

dish supporting the culture was then placed on the bottom electrode of the AC trap. The 

levitated particle population was extracted from the AC trap by applying a 4,000 V 

potential to the bottom electrode. Immediately following particle deposition, the culture 

was centrifuged at 1,200 rcf (relative centrifuge force) for 1 min and incubated for 22 hrs 

at 100 % humidity, 37 °C and 5 % CO2.  

5.2.8 Supernatant collection 

Following a 22 hrs incubation period for the culture, 200 μL of serum free growth 

medium was added onto the center well, and the culture incubated for an additional 2 h 

(in order for the fresh serum free medium to equilibrate with the supernatant) bringing the 

total incubation period to 24 h. Following the 24 hrs incubation period, 50 μL of 

supernatant was collected and a fresh 50 μL aliquot of serum free medium (SFM) was 

added into the center well in order to maintain the volume of the medium bathing the cell 

culture constant.  

The biomoleucles in the supernatant were prepared for MALDI-MS as follows. A 10 

μL aliquot of the supernatant was diluted and conditioned by adding 2.0 μL of 2.5 %  

trifluoroacetic acid (TFA) in order to acidify the aliquot, and then 50 μL of 0.1 % TFA 

was added to dilute the aliquot of supernatant.  
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5.2.9 MALDI-TOF-MS preparation and analysis of the supernatant 

A matrix solution was prepared by dissolving 5.0 mg of Sinapic Acid (SA) in 100 μL 

of acetonitrile (ACN) and 100 μL of 0.1 % TFA. A 4 μL aliquot of matrix solution was 

spotted onto a well of the MALDI plate and air dried.  

A C18 ZipTip (Millipore) was conditioned by wetting the ZipTip C18 bed with two 

washings of 10 μL reagent grade acetonitrile (ACN) followed by two washings of 10 μL 

of 0.1 % TFA. ~10 μL of the conditioned supernatant solution was aspirated into a C18 

ZipTip (Millipore) and dispensed back into the vial holding the supernatant. This was 

repeated 10 times. The ZipTip was then washed with two 10 μL aliquots of 0.1 % TFA. 

Biomolecules retained in the ZipTip were then eluted and spotted onto the same well of 

the MALDI-plate to which the matrix had been delivered and air dried using a 4.0 μL of 

solution containing an equal volume of ACN and 0.1 % TFA.  

 The supernatant was also collected using the method described following the 48 h 

and 72 h incubation time points. 

Mass spectrometric analysis was performed using MALDI-TOF-MS (Waters 

Corporation, Milford, MA, USA) equipped with a nitrogen UV laser (337 nm, pulse 

width 2 ns) and 1.2 m flight path in the linear mode, and controlled by MassLynx 

software (version 3.5, Waters Technologies Inc).  The standard operation conditions for 

biomolecule detection includes an accelerating voltage of 15 kV and the ion extraction 

pulse voltage of 2450 V. All data were acquired using a positive ion linear mode. The 

mass spectra were acquired in the mass range from 3 to 13 kDa.  

5.2.10 Antibody Assay 

Following the incubation period and collection of the supernatant, the cells were 

fixed using a solution of paraformaldehyde at pH 7.4 for 20 min. The primary antibody 
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was mouse anti-human ICAM-1 monoclonal antibody (Immunotech, Marseille, France) 

and secondary antibody was labeled goat anti-mouse IgG (Alexa Fluor 546, Molecular 

Probes, Eugene, OR, USA) 

5.3 Results 
Droplets of initial volume 326 ± 194 nL were dispensed from a starting solution 

that contained 1.5 mg/mL of India ink by volume, 0.2 mg/mL of LPS, and 1.3 x 10-3 

mg/mL of fluospheres. A population of particles, each particle containing 76.7 pg of 

carbon, 65 pg of LPS per particle, and 4.23 x 10-4 pg of fluospheres, was generated and 

deposited onto cell cultures grown on center-well organ culture dish. Representative 

images of [Cs+ 65 pg of LPS]p particles deposited on different cell cultures and 

monitored following 0 h, 24 h, 48 h, and 72 h incubation periods are presented in figure 

5.1. The top images (figure 5.1a-d) and the bottom images (figure 5.1a’-d’) are images 

captured using bright field and fluorescence microscope respectively. The appearance of 

the particles, most readily observed from the fluorescence images, were observed to 

change over the incubation periods (figure 5.1a’-d’). The region from which emission 

from the fluospheres was observed to become larger as the time of incubation increases. 

We interpret this to mean that the particles were being broken down, releasing the 

fluospheres so that they were able to diffuse away from the site at which the particle 

became adhered to a cell. 

Populations of [Cs+ 65 pg of LPS]p particles were deposited onto center well organ 

dish with no cells and incubated for 72 h in the presence of SFM (figure 5.1e and e’). The 

region from which emission from the fluosphere was observed to be the same following 

the incubation period; it was interpreted that the particles were not broken down. 
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Figure 5.1  [Cs+ 65 pg of LPS]p particles on different cell cultures that were incubated at a) t= 0 
h, b) t= 24 h, c) t= 48 h, and d) t= 72 h. e) [Cs+ 65 pg of LPS]p particles on center well 
dish with no cells and incubated for 72 h. Top images are viewed using bright field 
microscope and bottom images are viewed using fluorescence microscope. The scale 
bars of each image are equivalent. 

 

 
Secreted biomolecules were harvested from the supernatant following a 72 h 

incubation period and analyzed using MALDI-TOF-MS. It was observed from the spectra 

(figure 5.2), that the peak at m/z = 8,300 Da was present in the supernatant of the positive 

control as well as in the supernatant of the cell culture dosed with a population of 

particles (x= 168, [Cs+65 pg of LPS]p) where x is number of particles deposited. This 

indicates that this biomolecule is being up-regulated in response to exposure to TNF-α,  

and a population of 168 [Cs+65 pg of LPS]p. 
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Figure 5.2 Representative spectra from the supernatant of cell cultures using MALDI-MS (a) 
negative controls, (b) TNFα (positive controls), and (c) a population of 168 particles 
of [Cs+ 65 pg of LPS]p. Arrow indicates ion signal at m/z= 8.3 kDa. 
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Fluorescence emission images indicating ICAM-1 upregulation on the cell culture 

surface resulting from the deposition of [Cs+65 pg of LPS]p is shown in figure 5.3. It was 

observed that ICAM-1 expression was being upregulated across the entire cell culture 

(figure 5.3c). Additionally, at the site of deposition, ICAM-1 upregulation was more 

commonly observed one or two cells away from the cell that was in contact with the 

particle, than was observed from the cells in direct contact with a particle. 

 

 

Figure 5.3 Differential ICAM-1 expression following a 72 h incubation period. a) Negative 
control, b) positive control, c) a population of LPS containing carbon particles (65 pg 
of LPS per particle). Arrows indicate the position where the particles deposited and 
adhered.   

 

The differential expression of ICAM-1 was determined based on the signal 

intensity of fluorescence emission. Differential ICAM-1 expression was calculated based 

on the fluorescence emission signal intensity at each pixel in each scan of a cell culture 

using Image J software (Research Services branch, National Institute of Health, Bethesda, 

MD, USA) and the numerical values of the pixel signals were summed using Microsoft 

Excel.  The summed ICAM-1 expression is reported as a percent of total signal intensity 

relative to A549 cell cultures treated with TNF-α as the positive control.  
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Data plotted in figure 5.4 are the fluorescence intensity of ICAM-1 as a function 

of number of particles deposited on cell cultures and were incubated for 24 h, 48, and 72 

h. From emission data plotted in figure 5.4 it was observed that there are two distinct 

regions of the data that can each be fitted with a linear least square fit. Therefore, particle 

dose response (ICAM-1) relationship was calculated as the slope of a linear least square 

fit for cell cultures dosed with < 50 particles, and also for > 50 particles (table 5.1). 

Observed in figure 5.4, the fluorescence intensity of ICAM-1 is depend on the number of 

deposited particles for the cell culture dosed with < 50 particles where the fluorescence 

intensity of the cell culture dosed with > 50 particles is independent on the number of 

deposited particles. This suggests that when the cell culture is dosed with > 50 particles, 

the cells reach its maximum upregulation of ICAM-1, which is an interpretation of the 

fluorescence intensity indicative of ICAM-1 expression remaining at a constant level (eg. 

plateauing, or levelling off). 
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Figure 5.4 Differential expression of ICAM-1 as a function of particle dosage, [Cs+ 65 pg of 
LPS]p, measured at different incubation periods. (•) Negative control, ( ) t= 72 h, ( ) 
t= 48 h, and ( ) t= 24 h. 

 

Table 5.1 ICAM-1 Dose response relationship of the cell cultures dosed with 65 pg LPS 
containing carbon and were incubated for 24 h, 48 h, and 72 h. 

Incubation Period (h) Slope of a least squares linear 
fit for < 50 particles 

(fluorescence per number of 
particles deposited) 

Slope of a least squares linear 
fit for > 50 particles 

(fluorescence per number of 
particles deposited) 

24 4.4×10-3 5.0×10-4 

48 3.4×10-3 7.0×10-4 

72 5.9×10-3 8.0×10-4 
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Fluorescence intensity of ICAM-1 as a function of number of particles for the cell 

cultures dosed with 6.5 or 65 pg of LPS particle containing carbon is plotted in figure 5.5. 

The linear least square fits were evaluated for cell cultures dosed with < 50 particles, and 

for > 50 particles (table 5.2).  

 

 

Figure 5.5 Differential expression of ICAM-1 as a function of particle dosage. Cell cultures 
incubated for 72 h. (•) negative control, ( ) carbon particles, (  ) [Cs+65 pg of LPS]p 
containing carbon particles, ( ) [Cs+6.5 pg of LPS]p 
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Table 5.2 Particle dose ICAM-1 response relationship of the cell cultures dosed with 6.5 pg or 
65 pg LPS containing carbon and were incubated for 72 h. 

 Mass (pg) Slope of a least squares 
linear fit for 50 particles 

(fluorescence per 
number of particles 

deposited) 

Slope of a least squares 
linear fit for > 50 

particles (fluorescence 
per number of particles 

deposited) 

LPS 6.5 7.0×10-4 1.9×10-3 

 65 5.9×10-3 8.0×10-4 

Cs 76 2.0×10-4 7.0×10-4 

 

5.4 Discussion 
Droplets of initial volume 326 ± 194 pL were dispensed from the starting solution 

that contained 1.5 mg/mL of India ink, 0.2 mg/mL of LPS, and 1.3×10-3 mg/mL of 

fluospheres. As described, these droplets evaporated to form a population of particles 

each containing 76.7 pg of Cs, 65 pg of LPS, and 4.23 x 10-4 pg of fluospheres. 

Populations of these particles were deposited onto center well culture dish with no cells 

and also onto cell cultures grown on center well organ culture dishes and incubated for 24 

h, 48 h, and 72 h.  

The fluorescence emission of fluosphere from these particles (figure 5.1) shows 

that particles that were deposited onto a center well culture dish with no cells (figure 

5.1e’) were observed to not change following a 72 h incubation period. The fluorescence 

emission of fluosphere from particles that were deposited onto cell culture grown on a 

center well culture dishes (figure 5.1a’ to d’) were observed to change ,with the area of 

the fluorescence emission of fluospheres from these particles observed to become larger 

as the incubation period increased. From experiments described in section (4.7.7.3), the 

area of the fluorescence emission from the carbon particle was observed to not change. 
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From these observations, the 65 pg of LPS containing carbon particles on a cell cultures 

were interpreted to break down, but the Carbon particles did not. As the consequence of 

the diffusion of fluospheres away from the site of LPS containing carbon particle 

deposition, there was the potential for more LPS, had it been contained within the 

particle, to be released and interact with other cells. 

Cell cultures dosed with 65 pg of LPS containing carbon particles ([Cs + 65 pg of 

LPS]p) were found to cause ICAM-1 expression (figure 5.3). From emission data plotted 

in figure 5.4, there are two distinct regions of the data that can each be fitted with a linear 

least square fit for cell cultures incubated for 48 and 72 h whereas cell cultures incubated 

for 24 h is not. These regions shows that the expression of ICAM-1 was upregulated 

when the cell cultures dosed with < 50 particles in a dose-dependent manner at low 

particle doses, but those cells cease to respond in a dose-dependent manner when dosed 

with > 50 particles, because the data plotted suggest that the ICAM-1 expression reached 

a maximum.  

In addition to different incubation periods, the ICAM-1 expression of the cell 

cultures dosed with 6.5 pg of LPS containing carbon particles ([Cs + 65 pg of LPS]p) is 

plotted in figure 5.5. The emission data (figure 5.5) shows that there is not two distinct 

regions of the data that can each be fitted with a linear least square however, when the 

cell culture dosed with 120 of 6.5 pg of LPS containing carbon particles, there was an 

observable expression of ICAM-1. For the purpose of treating this data set similarly to 

that plotted in Figure 5.4, the slope of the dose-response linear least squares fit for <50 

particles deposited, was less than the slope of dose-response linear least squares fit for 

>50 particles deposited (table 5.2).  This suggests that the dose of 120 particles comprised 
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of 6.5 pg LPS + carbon was possibly just beginning to cause a response that could be 

differentiated form the negative control ( cell culture dosed with Cs only).    

Following a 72 h incubation period the supernatant from the cell culture was 

analyzed using MALDI-TOF-MS. Differential expression of one biomolecule was 

observed relative to the negative control (figure 5.2). A biomolecule detected at m/z= 8.3 

kDa, was observed to be up regulated from the supernatants of positive controls and the 

cell cultures dosed with [Cs + 65 pg of LPS]p.  

5.5 Summary  
Deposition of 65 pg of LPS particles containing carbon onto the cell cultures was 

interpreted to be broken down following incubation periods ranging from 24 to 72 hours, 

causing differential expression of ICAM-1. When the incubation period of the cell culture 

increases, the fluorescence intensity of ICAM-1 of cell cultures dosed with 65 pg of LPS 

containing carbon increases, but there was a change in the ICAM-1 upregulation at the 72 

incubation period for cell cultures dosed with <50 particles or >50 particles.  For doses 

>50 particles, the data indicated that the ICAM-1 upregulation has reached a maximum.  

When the cell culture was incubated for 72 with 6.5 pg of LPS particles containing 

carbon, the fluorescence intensiy of ICAM-1 was not slightly upregulated. Using 

MALDI-TOF-MS, one biomolecule, detected at m/z= 8.3 kDa, was observed to be 

upregulated when the cell culture dosed with 65 pg LPS containing carbon particles. 
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CHAPTER 6  
INCUBATION OF 2.4±0.1 μM OF 

METAL SALT CONTAINING CARBON 
PARTICLES WITH HUMAN LUNG 

CELLS (A549) AND MEASUREMENT 
OF SELECTED CYTOKINE 

EXPRESSION 
6.1 Introduction 

The adverse effects of ambient PM on human health have been a concern for 

decades, but only in the past 15 years have epidemiology studies demonstrated linkages 

between PM10 and cardiovascular disease.97  Example classes of compounds known to be 

present on ambient particulate matter (PM) are metals, salts, carbonaceous materials, 

volatile organic compounds (VOC), polycyclic aromatic hydrocarbons (PAH), and 

endotoxins and other biological compounds. The role that each component of PM10 plays 

in this linkage is being investigated in laboratories worldwide using different methods. 

In locations with metallurgic industries such as Utah Valley, metals are detected 

in the ambient PM. One study demonstrated that during a closure of a steel mill, the rates 

of hospital visits decreased for patient exhibiting increased morbidity.98,99 Experimental 

determination of metal content in PM filter extracts sampled in the Utah Valley track the 

epidemiological findings. For instance, in vivo instillation studies and in vitro studies 

have shown that PM collected while the steel mill was open induced pulmonary injury 
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and inflammation, whereas PM sampled during the period of closure did not induce 

pulmonary injury or inflammation.98  

Many toxicological studies have been conducted on PM toxicity using complex 

mixtures of ambient particles sampled from the troposphere, including a chemically well 

characterized sample of ambient particles collected from an Ottawa building’s air intake 

filters, referred as Environmental Health Centre-93 (EHC-93). EHC-93 is an example of 

a heterogeneous population of ambient particles being used in toxicology studies in 

which the whole particle, and its soluble and insoluble fractions have been characterized 

(table 6.1).67,100,101 EHC-93 is comprised of metals, inorganic compounds67,102 and 

organic compounds.  99 % of EHC-93 particles are <3 µm in diameter.49 
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Table 6.1 The concentration of compounds that have been characterized in EHC-93. 

Metals 
Metal Concentration (µg/g) Metal Concentration (µg/g) 

Aluminum 9.8x103 Manganese 483 
Ammonium 104 Nickel 69.6 
Arsenic - Sodium 20.6x103 
Barium 295 Strontium 272 
Boron 81.2 Tin 1.2x103 
Cadmium 7.3 Titanium 929 
Calcium  109x103 Vanadium 90.4 
Chromium 42.3 Zinc 10.4x103 
Cobalt 5.9 Lead 6.7x103 
Copper 845 Magnesium 7.2x103 
Iron 14.9x103 Molybdenum 4.6 

Non-metals 
Non-metal Concentration (µg/g) Mon-metal Concentration (μg/g) 

Nitrate 1.93 Sulphate 15.6 
Chloride 8.72   

Polycyclic aromatic hydrocarbons (PAH) 
PAH Concentration (µg/g) PAH Concentration (µg/g) 

Dibenz(a,c&a,h)anthracene - Chrysene 1.66 
Anthracene 0.54 Perylene 0.28 
Benzo (a) anthracene 1.10 Prylene 2.11 
Benzo (b) fluoranthracene 2.78 Benzo (e) pyrene 1.09 
Benzo (k) fluoranthracene Not detectable Fluoranthene 2.47 
Benzo (a&b) fluorene 0.23 Phenanthrene 1.83 
Benzo (ghi) perylene 1.52 Benzo (a) pyrene 0.95 
Indeno(1,2,3-cd) pyrene 1.19 Acenaphthene 0.20 

 

In toxicological studies that involved EHC-93 introduction to cell cultures, the 

mass of particulate matter introduced to a culture was known, but not known was the 

actual size, number, and composition of particles delivered to the culture.(100)   In these 

studies, the particulate matter had been dispersed in solution, often with the assistance of 

ultrasonication, and then an aliquot introduced to a cell culture.  Consequently, the 

number of particles interacting with any given cell was not known. Because the chemical 

composition of each individual particle in EHC-93 is not characterized, it is difficult to 
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extrapolate from those studies what individual particle compositions are most significant 

with respect to their role in causing tissue inflammation. For instance, metals in PM have 

been hypothesized to cause lung injury, because studies have shown that, the soluble 

metal component of ambient PM may be responsible for the pulmonary injury.65,67,69 

Moreover, Zinc, for example, is a commonly measured metal in PM10 samples, notably 

near industrial sources or roadways, and zinc in the water soluble fraction of PM10 

samples have been postulated to be a causative agent in PM induced injury. 65,69  

However, another investigation has shown that the insoluble fraction of EHC-93 also has 

the ability to cause response from lung cells.    

Hence, to improve knowledge of which component of ambient PM induced 

toxicity, we have employed an apparatus that enables creation of ambient PM mimics and 

then those mimics are directly onto human lung cells, in vitro. In this study, 0 to 200 

particulate matter mimics were deposited onto center-well culture dishes in which A549 

cells had been cultured, and the differential expression of biomolecules was monitored 

using MALDI-TOF-MS and immunocytochemistry (ICAM-1) in response to their 

exposure to different ambient PM mimics. The particles used in this study contained 

black carbon (from india ink) and/or polyethylene glycol (PEG) plus varied quantities of 

zinc nitrate [Zn(NO3)2
.6H2O], sodium chloride [NaCl], ammonium nitrate [NH4NO3], 

nickel nitrate [Ni(NO3)2
.6H2O], and in one series of experiments, EDTA. The cations of 

these metal salts used are known to be present in EHC-93.  The purpose of adding EDTA 

to a starting solution was to complex zinc in these solutions (and in the carbon particles) 

because the pH was neutral. The rationale for incorporation of PEG, which is not 

expected to be present in PM10, into some of the particle mimics will be described.  
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6.2 Experimental 

6.2.1 Chemicals 

Zinc nitrate [Zn(NO3)2
.6H2O], sodium chloride [NaCl], ammonium nitrate 

[NH4NO3], nickel nitrate [Ni(NO3)2
.6H2O], polyethyleneglycol (PEG, mw= 2,000 g/mol), 

tumor necrosis factor alpha (T6674-10UG ) (TNFα), minimum essential medium 

(MEM), fetal bovine serum (FBS), trifluoroacetic acid (TFA), sinapic acid (SA), 

acetonitrile (ACN), trypan blue were purchased from Sigma-Aldrich Inc. 20 nm diameter 

fluospheres was purchased from Molecular Probes, Invitrogen Inc., Burlington, ON, 

Canada. These fluospheres are polystyrene-based spheres (density= 1.05 g/ml) that 

encapsulated ~180 fluorescein molecules per fluosphere. India ink (Speedball, product 

#3338, Statesville, NC, USA) was used as the source for elemental carbon (Cs). L-

glutamine, MEM vitamin, and fetal bovine serum (FBS) were purchased from Invitrogen 

Corporation, Burlington, Ontario, Canada. Primary antibody, mouse anti human ICAM-1 

monoclonal antibody was purchase from Immunotech, Marseille, France. The secondary 

antibody, fluorescently labelled goat anti-mouse IgG (Alexa Fluor 546), was purchased 

from Molecular probes, Eugene, OR, USA. 

6.2.2 Starting solutions 

Stock solutions of india ink, PEG, Zn(NO3)2
.6H2O, NaCl, NH4NO3, 

Ni(NO3)2
.6H2O, and EDTA were prepared in distilled deionized water. Numerous 

starting solutions were prepared, many of which contained 1.5 mg/mL of India ink plus 

aliquots from single component stock solutions (Table 6.1).  All starting solutions 

contained 1.3×10-3 mg/mL of fluospheres.  The reason for inclusion of the fluospheres in 

each of the starting solutions at a constant concentration was thee fluospheres greatly 
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facilitated visualization of the particles on the A549 cultures when viewed using a 

fluorescence microscope.   

Table 6.2 Initial concentration of the inorganic compounds in the starting solution. 
 

Particle type 
Cs PEG Zn(NO3)2.

6H2O NaCl NH4NO3 
Ni(NO3)2.

6H2O EDTA 
  (mM) (mM) (mM) (mM) (mM) (mM) (mM) 
a PEG 0 1.0×10-2      
b [Cs+PEG]p 1.5 1.0×10-2      
c [Cs+Zn+PEG]p 1.5 1.0×10-2 5.0×10-3     
d [Cs+Zn+PEG]p 1.5 1.0×10-2 2.0×10-2     
e [Cs+Zn+PEG]p 1.5 1.0×10-2 2.0×10-1     
f [Cs+Na+PEG]p 1.5 1.0×10-2  3.0×10-3    
g [Cs+Na+PEG]p 1.5 1.0×10-2  3.0×10-2    
h [Cs+Na+PEG]p 1.5 1.0×10-2  10    
i [Cs+NH4+PEG]p 1.5 1.0×10-2   1.3×10-4   
j [Cs+NH4+PEG]p 1.5 1.0×10-2   8.1×10-3   
k [Cs+Ni+PEG]p 1.5 1.0×10-2    3.7×10-5  
l [Cs+Ni+PEG]p 1.5 1.0×10-2    3.7×10-4  
m [Cs+Zn+PEG]p 1.5 0.1 2.0×10-2     
n [Cs+PEG+EDTA]p 1.5 0.1     2.1×10-1 
0 [Zn+PEG+EDTA]p 0 0.1 2.0×10-2    2.1×10-1 
p [Cs+Zn+PEG+EDTA 1.5 0.1 2.0×10-2    2.1×10-1 

 

The compounds and their calculated abundance in the particles created using the 

solutions indicated in Table 6.2 and the apparatus described in section 6.2.3.  For the 

starting solutions identified in Table 6.2 that included Carbon, particles with 2.4 ± 0.1 μm 

in diameter were prepared, with each particle containing 76.7 pg of Cs and 4.23 x 10-4 pg 

of fluospheres. The formation coefficient calculation for Zn particle containing EDTA is 

shown in the appendix. 
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Table 6.3 Composition of each particle type generated per starting solution 
 

Particle type 
Cs PEG Zn(NO3)2.

6H2O NaCl NH4NO3 
Ni(NO3)2.

6H2O EDTA 
  (pg) (pg) (pg) (pg) (pg) (pg) (pg) 
a PEG 0 6.5      
b [Cs+PEG]p 76.7 6.5      
c [Cs+Zn+PEG]p 76.7 6.5 1.1×10-1     
d [Cs+Zn+PEG]p 76.7 6.5 4.3×10-1     
e [Cs+Zn+PEG]p 76.7 6.5 4.3     
f [Cs+Na+PEG]p 76.7 6.5  2.2×10-2    
g [Cs+Na+PEG]p 76.7 6.5  7.7    
h [Cs+Na+PEG]p 76.7 6.5  77    
i [Cs+NH4+PEG]p 76.7 6.5   8.1×10-4   
j [Cs+NH4+PEG]p 76.7 6.5   8.1×10-3   
k [Cs+Ni+PEG]p 76.7 6.5    3.6×10-3  
l [Cs+Ni+PEG]p 76.7 6.5    3.6×10-2  
m [Cs+Zn+PEG]p 76.7 65 4.3×10-1     
n [Cs+PEG+EDTA]p 76.7 65     2.3 
0 [Zn+PEG+EDTA]p 0 65 4.3×10-1    2.3 
p [Cs+Zn+PEG+EDTAp 76.7 65 4.3×10-1    2.3 

 

6.2.3 Droplet dispensing and levitation for particle formation 

Droplets were dispensed and levitated using methodology described in section 

4.4. 

6.2.4 Cell culture 

The alveolar type II epithelial cell line A549 (American Type Culture Collection 

(Manassas, VA, USA) was grown on the same support and in the same condition as 

described in section 5.2.4.  

6.2.5 Negative control 

The negative control was treated using methodology described in section 5.2.5. 

6.2.6 Positive control 

The positive control was treated using methodology described in section 5.2.6 
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6.2.7 Particle delivery onto lung cells in vitro 

Particles were delivered onto lung cells using method described in section 5.2.7. 

6.2.8 Antibody Assay 

Following the incubation period and collection of the supernatant, the cells were 

fixed and assayed using method described in section 5.2.8.  

6.2.9 Fluorescence Microscopy and Image Analysis 

A Zeiss Axioplan 2 (North York, Ont., Canada) fitted with an excitation filter 

(BP-546/12) and emission filter (LP-590) was used to collect all of the fluorescence 

emission images of the samples fluorescently tagged with antibodies for ICAM-1. For 

each fluorescently labelled sample, the fluorescence emission was collected from nine 

different sites, each 1.00 mm X 1.25 mm, from across the cell culture; The signal 

intensity of fluorescence emission for each sample, indicative of ICAM-1 expression, 

was determined using Image J software (Research Services Branch, National Institute of 

Mental Health, Bethesda, MD, USA) and integrated using Excel (Microsoft, Seattle, 

Washington, USA). The degree of ICAM-1 upregulation was reported as a percentage of 

the total signal relative to the positive control.  

6.2.10 Fluorescein 

A stock solution having 15 μM of fluorescein solution was prepared in distilled 

deionized water.  Fluospheres were not added to this starting solution.  A series of 

standard solutions of 1.5×10-10 μM, 3.0×10-10 μM, 1.5×10-9 μM, and 3.0×10-9 μM, was 

prepared from the stock solution.   

A starting solution containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, 

and 5.0 x 10-4 pg of fluorescein were loaded onto a droplet dispenser. 200, and 50, 
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droplets of this starting solution were dispensed into separate 5 mL volumetric flasks and 

diluted with serum free medium.  

Using the same starting solution, droplets were dispensed, levitated, and deposited 

onto a center-well organ culture dish containing 1 mL of SFM. Following the deposition 

of the resultant particles, the SFM solution was transferred into a 5 mL volumetric flask 

and diluted with serum free medium.  

The fluorescence intensity of these solutions was measured using a 

spectrofluorimeter (Photon Technology International, mode: 1258-MP1)). The 

spectrofluorimeter was operated using an excitation wavelength of 350 nm, and and 

emission wavelength of 440 nm.   

6.3 Results 

6.3.1 The effect of metal salts particles on A549 cell culture 

Droplets of initial volume 326 ± 194 pL were dispensed from one of the starting 

solutions listed in table 6.1. The droplets were dispensed into an ac trap, captured and 

levitated.  The resultant population of particles thus produced were deposited onto cell 

cultures and incubated for 72 h in the presence of SFM.  

A representative image of one particle type (76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 

pg of PEG, and 4.23 x 10-4 pg of fluospheres per particle, [Cs+Zn+PEG]p) that had 

deposited onto a cell culture (no cells present) and incubated for 72 h in the presence of 

SFM is presented in figure 6.1. Figure 6.1a and b are image of the particles aquired using 

bright field microscope and fluorescence microscope respectively.  The shape of the 

particles in these images that were acquired using a bright field microscope suggested 

that the particles were round in shape.  Based on the images aquired using fluorescence 
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microscopy, the region from which fluorescence (eg. fluospheres) was observed to be in 

round shape as well. These results suggested that the particles were not caused to 

fragment by the deposition step that included their impact into the center well of a center-

well tissue culture dish nor the 72 hour incubation period in SFM . 

 

 

Figure 6.1 Images of particles ([76.7 pg of Cs + 4.3×10-1 pg of Zn+ 6.5 pg of PEG]p) on A549 
cell culture that had been incubated for 72 h. a) image is acquired using bright field 
microscope, b) image is acquired using fluorescence microscope.  

 

Representative fluorescence emission images indicating ICAM-1 upregulation on 

the cell culture surface are shown in figure 6.2. In figure 6.2c, ICAM-1 upregulation of a 

cell culture dosed with particles (76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, and 

4.23 x 10-4 pg of fluospheres per particle, [Cs+Zn+PEG]p) was observed from isolated 

cells distributed across the entire cell culture.  This expression pattern has been observed 

repeatedly over experiments spanning several months.  In addition, at the site of 

deposition, the brightest fluorescence emission signals, indicative of ICAM-1 expression, 

was typically observed  one or two cells away from the site of particle adherence.  The 

fluosphere emission image was separately acquired (emission in green), and overlaid with 

the ICAM-1 emission using image processing software.  The appearance of the green 
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emission signal suggests that these particles did not get broken down by the cells during 

the incubation period.   

 

Figure 6.2 Representative fluorescence emission of fluorescently labeled antibodies bound 
ICAM-1 from A549 cell culture following the deposition of a) negative control, b) 
positive control, c) ([76.7 pg of Cs + 4.3×10-1 pg of Zn+ 6.5 pg of PEG]p). Green dots 
are from an overlay of the fluorescence emission from fluospheres, and this signal 
indicates the position of particles that in this experiment. 

 

The differential expression of ICAM-1 was determined based on the signal 

intensity of fluorescence emission versus number of particle deposited per population. 

Data plotted in figure 6.3 are the fluorescence intensity of ICAM-1 as a function of 

number of particles deposited on cell cultures that had been incubated from 72 h.The 

relative ICAM-1 expression was determined by deviding the slopes by the number of 

mole of the metal salts (Table  
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Figure 6.3 Differential expression of ICAM-1 as a function of particle dosage following a 72 h 
incubation period. (•) negative control, a) ( ) [76.7 pg of Cs + 6.5 pg of PEG]p, ( ) 
[6.5 pg of PEG]p. b) (  ) [76.7 pg of Cs + 1.1×10-1 pg of Zn + 6.5 pg of PEG]p, 
( )[76.7 pg of Cs + 4.3×10-1 pg of Zn + 6.5 pg of PEG]p ( )[76.7 pg of Cs + 4.3 pg 
of Zn + 6.5 pg of PEG]p, c) (  ) [76.7 pg of Cs + 2.2×10-2 pg of Na + 6.5 pg of PEG]p, 
( )[76.7 pg of Cs + 7.7 pg of Na + 6.5 pg of PEG]p, ( )[76.7 pg of Cs + 77 pg of Na 
+ 6.5 pg of PEG]p d) ( )[76.7 pg of Cs + 8.1×10-4 pg of NH4 + 6.5 pg of PEG]p, 
( )[76.7 pg of Cs + 8.1×103 pg of NH4 + 6.5 pg of PEG]p. e) ( )[76.7 pg of Cs + 
3.6×10-3 pg of Ni + 6.5 pg of PEG]p, ( )[76.7 pg of Cs + 3.6×10-2 pg of Ni + 6.5 pg 
of PEG]p. 

Table 6.4 Relative signal intensity of different metal salts. 
Particle Type Relative ICAM-1 

Expression 
PEG No response 

Cs+PEG No response 
Zn+Cs+PEG 1.5×+11 
Na+Cs+PEG 2.9×+09 
NH4+Cs+PEG 2.1×+12 
Ni+Cs+PEG 4.1×+12 

 

6.3.2 The Effects of [Cs+Zn]p Particles containing different quantity of PEG on 
Cell Cultures  

Populations of particles containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, and 65 pg of 

PEG particle were deposited onto cell cultures grown on center-well organ culture dish. 

Representative images of [76.7 pg of Cs+ 4.3×10-1 pg of Zn+ 65 pg of PEG]p particles 
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deposited on cell cultures monitored following 72 h incubation periods are presented in 

figure 6.4. The top images (figure 6.4a-c) and the bottom images (figure 6.4a’-c’) are 

images acquired using bright field and fluorescence microscope respectively.  

 

Figure 6.4 Image of [76.7 pg of Cs+ 4.3×10-1 pg of Zn+ 65 pg of PEG]p particles on different cell 
cultures that were incubated at a) t= 0 h, b) t= 24 h, and c) t= 72 h. a to c are images 
are viewed using bright field microscope and a’ to c’ are images viewed using 
fluorescence microscope. The scale bars of each image are equivalent. 

 

The appearances of the particles, most readily observed from the fluorescence 

images, were observed to change over the incubation periods (figure 6.4a’-c’). The region 

from which fluorescence emission (eg. fluospheres) was observed to increase in size as 

the time of incubation increased. In contrast, the fluorescence emission (eg. fluosphere) 

of the particle (76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, and 4.23 x 10-4 pg of 

fluospheres per particle, [Cs+Zn+PEG]p) on a cell culture was observed to not change 

(figure 6.1b).  Therefore, particles containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, and 65 pg 

of PEG was interpreted being broken down, releasing fluospheres to diffuse from the 

particle. 
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The expression of ICAM-1 upregulation on the cell culture dosed with different 

[76.7 pg of Cs+ 4.3×10-1 pg of Zn+ 6.5 pg of PEG]p or [76.7 pg of Cs+ 4.3×10-1 pg of Zn+ 65 pg 

of PEG]p following a 24 and 72 h incubation period are shown in figure 6.5a and b 

respectively. 

 

 

Figure 6.5 Differential expression of ICAM-1 as a function of particle dosage. Cell cultures 
incubated for A) 24h and B) 72h. (•) negative control, ( )[76.7 pg Cs + 4.3×10-1 pg of 
Zn + 65 pg of PEG]p, ( )[76.7 pg Cs + 4.3×10-1 pg of Zn + 6.5 pg of PEG]p 

 

6.3.3 Detection of fluorescein fluorescence emission in supernatant samples to 
which fluorescein containing carbon particles were delivered 
A series of fluorescein standard solutions were prepared and the fluorescence 

signal from each standard was measured. Additionally, 50 and 200 droplets of fluorescein 

containing carbon particles were prepared and the fluorescence emission from a solution 

into which those particles had been delivered was also measured. The results are plotted 

in figure 6.6 as a method calibration response curve.  

To address whether or not the soluble component (ie. metal salt) leaches out of 

the particles that were observed to not break down after 72 h incubation period, 
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fluorescein containing particles was deposited onto a center-well containing serum free 

medium and incubated for 5 minutes.  The solution was aspirated using a pipette and 

transferred to a cuvette, and the fluorescence signal measured.  The fluorescence 

emission from the 50 and 200 droplet samples was used to bracket the emission signal 

measured for the sample solution retrieved from the center-well organ dish into which 

200 particles had been deposited into water.  Based on this calibration, it was interpreted 

that approximately 50 % of the fluorescein leached out of the particles within a 5 minute 

incubation period.  By extrapolation to the analogous particle types containing ZnNO3, a 

more soluble compound than fluorescein, at least 50 % of the Zn2+ may also leach from 

the particle within a period of 5 minutes.   
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Figure 6.6 Calibration curve of the fluorescein standard solution and fluorescence intensity of 
( ) 200 droplets, ( ) 50 droplets, and ( ) 200 particles of starting solutions 
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containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, and 5.0 x 10-4 pg of 
fluorescein.  

 

6.3.4 The Effects of [Cs+Zn]p Particles containing EDTA on Cell Cultures  

ICAM-1 expression across the cell culture was measured in nine different sites as 

illustrated in figure 6.7a. When the cell culture was dosed with [76.7 pg of Cs+ 4.3×10-1 

pg of Zn + EDTA + 65 pg of PEG]p, ICAM-1 was observed to be upregulated only at the 

site of particle deposition, where the particles also adhered to cells. Representative 

fluorescence image indicating ICAM-1 upregulation on the cell culture dosed with [76.7 

pg of Cs+ 4.3×10-1 pg of Zn + EDTA + 65 pg of PEG]p at the site of deposition and ~5 

mm away from the site of deposition are shown in figure 6.7b and c respectively. 
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Figure 6.7  a) Illustration of the measured ICAM-1 at nine different sites across the cell culture, 
b) Expression of ICAM-1at the site of deposition., c) Expression of ICAM-1 ~5 mm 
away from the site of deposition 

Differential expression of ICAM-1 upregulation on the cell culture, as indicated 

by the fluorescence emissions intensity of fluorescently labelled antibodies bound to 

ICAM-1 are plotted as a function of particle dosage (figure 6.8). Differential expression 

of ICAM-1 relative to negative controls was not observed on the cell cultures dosed with 

[76.7 pg of Cs+ 2.3 pg of EDTA+ 65 pg of PEG]p or [4.3×10-1 pg of Zn + pg of EDTA + 

65 pg of PEG]p. In contrast, cell cultures dosed with [76.7 pg of Cs+ 4.3×10-1 pg of Zn + 

EDTA + 65 pg of PEG]p were measured to have undergone ICAM-1 upregulation 

relative to negative control. 

 

Figure 6.8 Differential expression of ICAM-1 as a function of particle dosage. Cell cultures were 
incubated for 24 h. (•) negative control, ( ) [76.7 pg of Cs+ 4.3×10-1 pg of Zn + 
EDTA + 65 pg of PEG]p, ( ) [4.3×10-1 pg of Zn+ pg of EDTA + 65 pg of PEG]p, ( ) 
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[76.7 pg of Cs+ 2.3 pg of EDTA+ 65 pg of PEG]p, ( ) [76.7 pg Cs + 4.3×10-1 pg of 
Zn + 65 pg of PEG]p. Fluorescence intensity of ICAM-1 for cell cultures dosed with 
particles containing EDTA was measured at the site of deposition where cell culture 
dosed with particles not containing EDTA was measured at nice different site across 
the cell culture. ( ) [76.7 pg of Cs+ 4.3×10-1 pg of Zn + EDTA + 65 pg of PEG]p 

6.4 Discussion. 
Droplets of initial volume of 326±194 pL were dispensed from one of the starting 

solutions that contained 1.5×10-3 g/mL of India ink, 1.3×10-6 g/mL of fluospheres and 

4.3×10-4 g/mL of PEG. The emission region of fluospheres in ambient particulate mimics 

containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, and 4.23×10-4 pg of 

fluospheres incubated for 72 h was observed (figure 6.1) to be the same. It was 

speculated that the fluosphere from the particles were starting to difuse away andparticle 

have not been broken down following the 72 h incubation period.  

Several studies have indicated that exposure of EHC-93 to lung cells result in 

upregulation of pro-inflammatory mediators.66, 100, 101 With regard to which specific 

component results in inflammation is not well understood. Through the use of particulate 

matter mimics, we were able to independently study the in vitro injury caused by Cs 

particles containing a different quantity of the metal salts Zn(NO3)2·6H2O, NaCl, 

NH4NO3, and Ni(NO3)2·6H2O. The downstream biological response of the A549 cell 

culture following the interaction with these particle types was measured 

immunocytochemistry (ICAM-1). Differential expression of ICAM-1 of the cell culture 

dosed with carbon particle containing PEG and fluosphere plus different quantity of 

[Cs+Zn+PEG]p, [Cs+Na+PEG]p, [Cs+NH4+PEG]p, or [Cs+Ni+PEG]p were presented in 

figures 6.3a to e. Dosing the cell culture with either [PEG]p or [Cs+PEG]p alonewas found 

no ICAM-1 upregulation. These results indicate that neither poly-ethyleneglycol nor 

carbon particles give any effect to the cells. When the cell culture was dosed with 
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different metal salts it was observed that the expression of ICAM-1 was similar, but note 

that, the quantity of the specific metal salt per particle type was different. Of note is that 

prior studies also show ICAM-1 is upregulated when the cells were dosed with samples 

of whole or fractionated ambient particles, typically at doses of 0.1-1 mg/mL of 

particles.51,103,104  However, in this study cell cultures were dosed with up to 150 particles, 

with a total dose between 2.3×103 to 5.0×103 pg of material. Though different particle 

chemical compositions result in different ICAM-1 expression, based on the number 

moles of salt per particle, the mechanism of the ICAM-1 upregulation may have been the 

same, rupture of lysozomes by osmotic stress. Since the ICAM-1 expression was similar, 

the relative ICAM-1 expression for the cell cultures was determined by dividing the slope 

of the ICAM-1 expression with the number of moles of the metal salts per particle. From 

this, it was found that cell culture dosed with ammonium or nickel containing particles 

was observed to have high relative ICAM-1 expression. 

 

 

Based on the observation of  particles containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, 

6.5 pg of PEG, and 4.23×10-4 pg of fluospheres, the fluosphere were observed not 

diffused away following a 72 h incubation period (figure 6.1), whereas increasing only 

the quantity of PEG to 65 pg in this particle type (figure 6.4) did result in the diffusion 

away of the fluospheres. Interestingly, differential expression of ICAM-1 of the cell 

culture dosed with [Cs+Zn+PEG]p containing 6.5 pg or 65 pg of PEG was observed to be 

similar (figure 6.5). This observation suggests again suggest that PEG does not affect the 



 

                                                                                    102 

cells however it was not clear whether the soluble or insoluble component of the particles 

result in ICAM-1 upregulation.  

To further examine whether the soluble component leaches out of the insoluble 

component of the particle, fluorescein containing carbon particles was examined using 

spectrofluormeter. luorescein fluorescence emission, from the fluorescein containing 

carbon particles, was detected in serum free medium following a 5 min incubation period 

(figure 6.6). This suggests that ~50% of soluble components in the particles may leach 

out of the particle following 5 min incubation period.  
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Figure 6.9 a) Illustration of the measured ICAM-1 at nine different sites across the cell culture 
dosed with[76.7 pg of Cs + 4.3×10-1 pg Zn + 6.5 pg of PEG]p with out EDTA , b) 
Expression of ICAM-1at the site of deposition., c) Expression of ICAM-1 ~5 mm 
away from the site of deposition. Arrows indicated where the particles adhered. 

 

EDTA is known as a metal chelator. It was observed that cell cultures dosed with 

either 76.7 pg of Cs, or 4.3×10-1 pg of Zn alone containing EDTA was observed to not 

express ICAM-1. In contrast, cell cultures dosed with particles containing [76.7 pg of Cs  

+ 4.3×10-1 pg of Zn + 6.5 pg of PEG + 2.3 pg of EDTA]p express ICAM-1 only at the site 

of deposition. ICAM-1 expression of cell culture dosed with [76.7 pg of Cs  + 4.3×10-1 pg 
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of Zn + 6.5 pg of PEG + 2.3 pg of EDTA]p at the site of deposition was observed to be 

similar with the cell culture dosed with [76.7 pg of Cs + 4.3×10-1 pg Zn + 6.5 pg of PEG]p 

with out EDTA measured at nine different site across the cell culture (figure 6.9). Base 

on this observation, we speculate that when cell cultures were dosed with [76.7 pg of Cs + 

4.3×10-1 pg Zn + 6.5 pg of PEG]p, the zinc is able to  leaches out of the particles, and was 

bio-available within a maximum region described by diffusion from the particle across 

the cell culture.  However, when the cell culture was dosed with [76.7 pg of Cs + 4.3×10-1 

pg of Zn + 6.5 pg of PEG + 2.3 pg of EDTA], though the Zn can be assumed able to 

leach from the particle and diffuse away, within the buffered serum free medium, the zinc 

component remained chelated by the EDTA and was therefore not bio-available across 

the cell culture.  ICAM-1 expression was not observed at sites remote from where the 

particles had been deposited and adhered to the cells.  Interestingly however, ICAM-1 

was expressed at the site of particle deposition, which has been interpreted as being a 

result of the simultaneous uptake of Zn with Carbon by cells.  Within a cell’s lysozomes, 

where the pH was ~3, the [ZnEDTA] complex was not stable and the Zn2+ released.   

6.5 Summary  
Incorporation of PEG into [Cs]p, [Cs+Zn+PEG]p, [Cs+Na+PEG]p, 

[Cs+NH4+PEG]p, or [Cs+Ni+PEG]p result in the adherence of the particle on the cell 

culture. Following a 72 h the incubation period, it was observed that the emission region 

of fluospheres in particles containing 76.7 pg of Cs, 4.3×10-1 pg of Zn, 6.5 pg of PEG, 

and 4.23×10-4 pg of fluospheres was the same and therefore it was speculated that the 

particle have not been broken down.  
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Dosing the cell culture with Cs particles containing PEG, fluosphere plus different 

metal salts result in the upregulation of ICAM-1 across the entire cell culture. Neither 

PEG particles nor Cs particles along result in the upregulation of ICAM-1. 

Thru spectrofluorimeter, fluorescein containing Cs particles was detected in serum 

free medium following 5 min incubation period which suggest that the soluble 

components of the particles leaches out after 5 min incubation period. 

Dosing the cell culture with either [76.7 pg of Cs + 6.5 pg of PEG + 2.3 pg of 

EDTA]p or [4.3×10-1 pg of Zn + 6.5 pg of PEG + 2.3 pg of EDTA]p was observed to not 

express ICAM-1, whereas when the cell culture dosed with [76.7 pg of Cs + 4.3×10-1 pg 

of Zn + 6.5 pg of PEG + 2.3 pg of EDTA]p, ICAM-1 was upregulated at the site of 

deposition, but not at locations removed from the site of particle deposition. Based on the 

results of the fluorescein fluorescence emission data, we speculate that the zinc, in the Cs 

particle as Zn2+ or [(ZnEDTA)2-], is able to leach out of the particles, and able to diffuse 

from the site of particle adherence across the cell culture.  The difference in the ICAM-1 

expression observed when adding the EDTA suggests that insoluble material in the 

particle is a necessary criteria to induce uptake of extracellular entities.  Inside the cell, 

the vesicle docks with a lysozome and the pH drops, causing the release of Zn2+ from 

EDTA.  This suggests that when particles containing Zn2+ and Cs are deposited onto a 

culture, there is co-operativity between these two components in activating cells at the 

site of particle adherence, and that the propagation of those mediators across the culture 

is promoted by soluble Zn2+ that has leached from the particle. 
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Chapter 7  
Summary 

The use of a levitation device enables the study of the effect of ambient 

particulate matter of known size and composition on lung cells. Dosing the cell culture 

with different coarse size and compositions of ambient particulate matter mimics, cause 

differential expression of biomolecules. Centrifugation and particle compositions are the 

two factors determining the adherence 2.4±0.1 μm particle onto a cell culture. Dosing the 

cell cultures with carbon particle containing LPS results in two distinct dose dependent 

regime. Furthermore, dosing the cell cultures with carbon particle containing bio-

unavailable metal salt result in the expression of ICAM-1 over the entire cell culture 

where dosing the cell culture with carbon particle containing bio-unavailable metal salt 

caused ICAM-1 expression at the site where the particles deposited, but ICAM-1 

differential expression was not observed at locations distant from the site of particle 

deposition. 
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Chapter 8  
Future Directions 

Numerous studies have demonstrated ambient particulate matter (PM) is a 

significant factor responsible for observed adverse health effects (increased morbidity 

and mortality). Most of the work undertaken during the course of this thesis related to the 

toxicology field revolved around the development of a method to deposit ambient 

particulate mimics (PM2.5) and illustration that the role of a given component of 

particulate matter could be measured in an in vitro study through the measurement of a 

single pro-inflammatory mediator.  In the future, the design of such studies could be 

extrapolated to incorporate the measurement of the differential expression of additional 

mediators in vitro, and then later followed by in vivo experiments that may provide data 

that can be extrapolated to known adverse health effects on humans following exposure 

to particulate air pollution.  

The methodology developed through the course of this thesis enabled the detailed 

design of particles of known composition and the ability to deliver a known number of 

these particles to a cell culture followed by the capability to measure a cellular response. 

This capability has afforded us the opportunity to address hypotheses that had been 

challenging to directly test through experimentation. Ambient PM is complex mixture of 

solid and/or liquid particles of various size and compositions. It would be informative to 

investigate further the influence of other particle compositions based on compounds 
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measured to be present in EHC-93, and measure biological responses using other cell 

lines, and then later co-cultures. 

The study involving the measurement of fluorescence emission of ICAM-1 

intenstity was observed across the cell culture. The cells exhibiting ICAM-1 upregulation 

were separated from one another by many cells that themselves did not upregulate 

ICAM-1.  To illustrate, the fluorescence emission of ICAM-1 was measured from the site 

of deposition to ~1.8 cm away from it in 4 orthogonal directions. Representative 

fluorescence image indicating ICAM-1 upregulation on the cell culture in one of the four 

orthogonal directions is presented in figure 7.1. 

 

Figure 8.1 Representative fluorescence from one of 4 orthogonal directions (x direction ) 
measure from the site of deposition to ~1.8 cm away from the site of deposition. a to 
n are fluorescence image captured every 169 μm. 

 

 The differential expression of ICAM-1 was determined based on the signal 

intensity of fluorescence emission. Differential ICAM-1 expression was calculated based 

on the fluorescence emission signal intensity at each pixel in each scan of a cell culture 
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using Image J software (Research Services branch, National Institute of Health, Bethesda, 

MD, USA) and the numerical values of the pixel signals were summed using Microsoft 

Excel.  The summed ICAM-1 expression is reported as a percent of total signal intensity 

relative to A549 cell cultures treated with TNF-α as the positive control. Presented in 

figure 7.2, differential expression of ICAM-1 determined based on the signal intensity of 

fluorescence emission in four orthogonal directions. The fluorescence emission of 

ICAM-1 was observed to be dominated by the upregulation of individual cells, and 

periodic in amplitude of fluorescence emission signal intensity. 

This observation may have importance with respect to understanding intercellular 

communication in cultures to which there was a dose of <100 particles.  The diameter of 

the center-well where the cells are grown was ~ 2 cm, but the expression of ICAM-1 well 

removed from the site of particle deposition and adherence, and along its edge at the wall 

of the center well, was not measured.  
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Figure 8.2 Expression of ICAM-1 measure from the site of deposition to ~1.8 cm away from the 
site of deposition. x, x’, y, and y’ are the expression of ICAM-1 measured outward 
from the site of particle deposition at normal angles with respect to each measurement 
track.  

 

Throughout this study, the positive control used was A549 cell cultures treated 

with TNF-α. Another methodology for positive control was performed by depositing 6.5  

or 13 pg of TNF-α particles onto cell cultures. Fluorescence emission of ICAM-1 

intensity was observed across these cell cultures, also in a pattern not-unlike that 

observed previously for the upregulation of ICAM-1 in response to incubation with 

particles. This suggest that depositing TNF-α particles onto a cell culture could be a more 

appropriate positive control because the positive control is treated the same way as the 

cell culture dosed with different particle type mimics. 
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APPENDIX 

 

Free Zinc ion concentrations in solution at pH ~ 7 (growth media) and pH ~3 (eg. in a 

lysozome). 

Kf  =  1016.5 = [ZnY2-] /[Zn2+] [EDTA] 

Kf = [ZnY2-]/[Zn2+] [αy
4-] [CEDTA] 

 

 Zn2+ (M) CEDTA (M) [ZnY-2] (M) 

Initial 2.0×10-5 2.1×10-4 - 

Change -2.0×10-5 1.9×10-4 2.0×10-5 

Equilibrium x 1.9×10-4 + x 2.0×10-5 

 

 

at pH ~7, αy
4- ~ 3.5x10-7, Kf’(pH=7) = 1016.5 x 3.5x10-7 = 1.1x1010, [Zn2+] ~ 8.6×10-10 M 

 

pH ~ 3, αy
4- ~ 7.5x10-18 , Kf’(pH=3) = 1016.5 x 7.5x10-18 = 2.4x10-1,[Zn2+] ~ 4×101 M 

meaning that no Zn2+ is chelated to EDTA 
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