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ABSTRACT 

Inhalation of ambient particulate matter is associated with adverse effects on human 

health. At the outset, the objective of this thesis was to identify what components of 

ambient particles cause more significant different responses of secreted biomolecules 

from human lung epithelial (A549) cells, in vitro, using a method a previous graduate 

student developed to assess ICAM-1 expression. However problems with this 

methodology were identified, and the majority of this work was to find solutions to these 

problems. Different particles (LPS-plus-carbon particles, LPS-plus-carbon-plus-Ni(NO3)2 

particles, LPS-plus-carbon-plus-NaCl particles, LPS-plus-carbon-plus-Zn(NO3)2 particles, 

H2SO4-plus-carbon particles, (NH4)2SO4-plus-carbon particles, and Na2SO4-plus-carbon 

particles) were generated in situ and were levitated using an electrodynamic trap prior to 

their deposition onto A549 cells. Following an incubation period, the detectable 

differential expression of ICAM-1 was monitored using an immunocytochemistry assay. 

The expression of a secreted cytokine (CXCL-5) was monitored by MALDI-TOF-MS. 

Ni(NO3)2 and NaCl both effected upregulation of the ICAM-1 expression when added to 

LPS-plus-carbon particles, but Zn(NO3)2 did not. H2SO4-plus-carbon particles induced 

ICAM-1 expression 4.6 times higher than (NH4)2SO4-plus-carbon particles and 4.9 times 

higher than Na2SO4-plus-carbon particles, and similar results were obtained from 

measurement of CXCL-5 expression.  
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Chapter 1 Introduction 

1.1 Particulate matter 

Epidemiological studies have shown air pollution is associated with adverse health 

effects [1-16]. Particulate matter (PM) is a mixture of solid and liquid particles suspended 

in the air with various sizes ranging from a few nm to tens of μm [12, 16]. There are 

numerous sources of PM from natural processes (such as windblown soil dusts, volcanic 

emissions, sea spray, pollens) and human activities (such as motor vehicle emissions, 

construction dusts, road dusts, industrial and agricultural debris, residential combustion) 

[12]. Although thousands of chemicals have been detected in PM [12], the most common 

chemical components are geological materials (a variety of metal oxides), sulfates, 

nitrates, ammonium, sodium chloride, elemental and organic carbon, organic compounds 

(such as polycyclic aromatic hydrocarbons), biological compounds (such as endotoxin 

and cell fragments), and liquid water [12, 17, 18]. 

PM can be categorized by their sources. Primary particles are released directly into 

the atmosphere by combustion processes, or wind, or other human activities, whereas 

secondary particles are formed through physicochemical transformation of gaseous 

compounds, such as nitrogen oxides, sulfur dioxide (SO2) and ammonia (NH3) [12], via 

homogeneous, heterogeneous, and multiphase processes [19]. 

Aerodynamic diameter is a physical property which is used to describe a particle in 

the air. If the particle’s aerodynamic behavior is the same as a perfect sphere with 

uniform density, the diameter of the sphere is defined as the aerodynamic diameter of the 

particle. PM10 (with a median aerodynamic diameter of <10 μm), is one measurement of 



2 

PM monitored in most locations worldwide because these particles deposit in all regions 

of the respiratory tract or even deeper [12, 16]. PM2.5 (particles having a median 

aerodynamic diameter of <2.5 μm), also referred to as the “fine particle fraction”, is able 

to penetrate deep into the lungs, settling into the alveolar region of the lung [12, 16]. In 

general, PM10-2.5, also referred to as the “coarse fraction”, is predominated by particles of 

geological dusts, industrial grinding activities and biological compounds, such as 

construction dusts, road dusts, soil dusts, and endotoxin. In contrast, fine particles are 

composed of primary particles (eg. from combustion sources) and secondary gaseous 

emissions followed by atmospheric oxidation (eg. SO2→SO4
2-) [12, 17]. PM0.1 (with a 

median aerodynamic diameter of <0.1 μm), also referred to as the “ultrafine particle”, 

shows high deposition in human alveoli and has been measured to readily cross the lung-

circulatory system barrier [12]. In the atmosphere, PM0.1 readily coagulates with larger 

particles [12, 16, 17].  

1.2 Inflammation 

Inflammation is the body’s response that can occur in any tissue that is traumatized 

by noxious stimuli and tissue injury [20, 21]. Inflammation is a complex process 

involving many soluble factors, cells, tissues, and systems. The process initiates with 

tissue based responses, followed by the recruitment and dispatch of leukocytes (white 

blood cells), and then the killing of microbes and infected host cells, liquefaction of 

surrounding tissue to prevent microbial spread, and finally the healing of tissues damaged 

by the microbes or by the host response [20, 22].  

The inducers of inflammation can be classified into two groups: exogenous or 

endogenous. Exogenous inducers include microbial and non-microbial inducers. 
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Endogenous inducers of inflammation include signals produced by stressed or damaged 

tissues [21]. Several air pollution components in PM, such as bio-available transition 

metals (eg. iron, cobalt, nickel, copper and zinc), organic compounds (eg. polycyclic 

aromatic hydrocarbons) and biological compounds (eg. endotoxins), have been observed 

to induce inflammation in the respiratory tract [15]. Studies have revealed airway 

inflammation, initiated with uptake of PM into lung epithelial cells and alveolar 

macrophages, followed by the secretion of the downstream mediators, resulting in 

neutrophil migration and thymus-derived lymphocyte (T cell) recruitment [16, 23]. 

Leukocyte recruitment and migration from the blood to the site of injury, which was 

previously mentioned as the second step of inflammation, is an important step. This step 

is initiated by downstream effects of regulation of pro-inflammatory mediators, such as 

chemokines, cytokines, components of the complement cascade, plasma mediators and 

lipid inflammatory mediators[22]. These mediators, mainly cytokines, which are small 

proteins that released by cells and have effects on the communications between cells, 

migrate into the circulation system and stimulate the bone marrow to release leukocytes 

[23]. The newly released leukocytes randomly contact endothelial cells located proximal 

to the injury site, followed by rolling on the endothelial cells caused by interactions with 

selectins, and then adhesion to endothelial cells via binding with cell adhesion molecules 

(CAMs), that belong to the immunoglobulin (Ig) gene superfamily, and their ligands 

(integrins), and finally migration from the blood to injury site with help of integrins 

(Figure 1.1) [24, 25]. 
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Figure 1.1  Schematic diagram of the step of leukocyte recruitment and migration. 
 

1.3 Epithelial cell-derived neutrophil-activating peptide-78 (ENA-78 or 

CXCL-5) 

Chemokines are a superfamily of pro-inflammatory mediators that can recruit and 

activate leukocytes [26]. Epithelial cell-derived neutrophil-activating peptide-78 (ENA-

78 or CXCL-5) is a chemokine that belongs to the member of CXC motif ligand 

subfamily, in which the two N-terminal cysteines “CC” are separated by one amino acid 

“X” [26]. This subfamily consists of several structurally related peptides, such as 

interleukin-8 (IL-8/CXCL-8) and CXCL-5 [27]. Both CXCL-8 and CXCL-5 are potent 

neutrophil-activating peptides [26, 28]. They induce chemotaxis and mediate neutrophil 

adhesion molecule expression [26]. They both can be up-regulated by transcription factor 

nuclear factor κB (NF-κB), which can be activated by many stress signals [27], such as 

oxidative stress [29, 30], hypoxia [31], tumour development [32], cytokines, bacterial cell 

wall products, viral infection, vasopressors and DNA damage [29]. They both can bind to 

neutrophils via CXC receptor 2 (CXCR-2), and thus they cross compete with each other 

[26, 27, 33], however, CXCL-8 also binds to CXC receptor 1 (CXCR-1) [26], resulting in 

different responses of the target cells and the binding affinities [26, 33].  
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CXCL-5 was first identified in alveolar epithelial cells although it is expressed by 

various types of cells [28]. Expression of CXCL-5 has been reported upregulated in 

inflamed lungs [28] and its secretion can be induced with exposure to interleukin-1 (IL-1) 

and tumor necrosis factor alpha (TNF-α) [33]. 

1.4 Intercellular adhesion molecule-1 (ICAM-1) 

As mentioned previously, the CAMs that belong to Ig gene superfamily are 

important molecules responsible for the firm adhesion of leukocytes to endothelial cells 

[24, 34]. Intercellular adhesion molecule-1 (ICAM-1) [24, 25, 34, 35], intercellular 

adhesion molecule-2 (ICAM-2), intercellular adhesion molecule-3 (ICAM-3) and 

vascular cell adhesion molecule-1 (VCAM-1) are examples of transmembrane 

glycoproteins that are CAM members of the Ig gene superfamily [24]. They have similar 

functions however they are produced and expressed by different types of cells. ICAM-1 

can be expressed by endothelial cells, macrophages, lymphocytes, fibroblasts and 

epithelial cells [24, 25, 34, 36]. ICAM-2 can be expressed by endothelial cells, platelets 

and some leukocytes but is down-regulated by pro-inflammatory mediators [24]. ICAM-3 

can be expressed by endothelial cells and leukocytes and is the only ICAM that can 

present on neutrophils [24]. VCAM-1 can be expressed by endothelial cells, macrophages, 

myoblasts and dendritic cells [24]. It binds monocytes and lymphocytes that express 

integrin very late antigen-4 (VLA-4), which is a ligand of VCAM-1 [24, 34]. Whereas 

ICAMs bind several leukocytes (such as T cells, bone marrow-derived lymphocytes (B 

cells), macrophages and neutrophils) that express integrin lymphocyte function-

associated antigen-1 (LFA-1), which is a ligand of all ICAMs [24, 34]. 
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Lung ICAM-1, expressed by lung epithelial cells, plays an important role in lung 

inflammatory diseases. It is constitutively expressed on alveolar type I cells but not 

constitutively expressed on alveolar type II cells. However, in alveolar type II cells, 

ICAM-1 expression can be induced with exposure to, for example, tumor necrosis factor 

alpha (TNF-α), interleukin-1 beta (IL-1β), or lipopolysaccharide (LPS) [25].  

Since the pulmonary epithelium is the first site of contact with different agents that 

trigger airway inflammation [37, 38], ICAM-1 expression on alveolar type II cells can be 

considered and studied as an important step in lung inflammation. 

1.5 A549 cell line 

There are two major alveolar cell types in the alveolar wall as epithelial cells: 

alveolar type I cells and alveolar type II cells. Alveolar type I cells are large cells 

covering a majority of the alveolar surface area, while alveolar type II cells are smaller 

cells with approximately twice as numerous as alveolar type I cells. Since alveolar type I 

cells constitutively express ICAM-1 but alveolar type II cells express ICAM-1 only by 

triggering [25], ICAM-1 expression is appropriate to be used as a readout on alveolar 

type II cells in the study of lung inflammation. 

The A549 cell line was initiated in 1972 through an explant culture of lung 

carcinomatous tissue from a 58 years old male. Since A549 cells are transformed cells, 

they are different from primary cells, which are polarized cells directly taken from biopsy. 

A549 cells can divide infinitely without mutation, yet A549 cells retain similar 

characteristics to human lung alveolar type II cells [39]. Thus, as a starting point, A549 

cells are appropriate to be used in replacement of primary alveolar type II cells in the 

study of lung inflammation. 
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1.6 Immunocytochemistry 

ICAM-1 expression on A549 cells was measured using immunocytochemistry.  

Immunocytochemistry is a technique that uses specific antibodies, which have been 

tagged with visible labels that bind to protein antigens in cells, allowing measurement of 

the antibodies [40].  

Immunocytochemistry includes several steps: cells fixation, antibody staining and 

observation. The purpose of cell fixation is to immediately stop the life processes within 

the cells and therefore the cells are killed with the relative locations of the proteins and 

their abundance within the cells fixed. Antibody staining, in this thesis, includes primary 

antibody, which is specific to human ICAM-1 produced by mouse, and the secondary 

antibody, which is specific to the primary antibody produced by goat, is tagged with a 

fluorophore. The fluorophore can be detected by fluorescence spectroscopy and therefore 

whether the individual cell expresses ICAM-1 or not can be evaluated.  

1.7 Mass Spectrometry and proteomics 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS) with high sensitivity, high mass accuracy, efficient ionization of 

peptides, and rapid analysis time, has been widely used to investigate complex protein 

mixtures [41-43].  

Proteomics is a term used to describe studies that focus on a large number of 

different proteins produced by cells [44, 45]. Since cellular proteins have a high degree of 

complexity and are present at varied abundance, soft ionization mass spectrometry, which 

has high sensitivity, has been increasingly used to analyze complex protein samples [44].  
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1.8 Thesis objectives 

Ambient PM is a mixture of particles having different sizes and different chemicals, 

from inorganic to organic, from water soluble to water insoluble. Inhalation of PM is 

associated with adverse effects on human health, however few studies have 

systematically characterized the compounds in a specific particle type with respect to 

their being a factor in this relationship. This thesis is based on a hypothesis that different 

chemicals in a particle cause measurably different ICAM-1 and CXCL-5 responses. Allen 

Haddrell, a previous graduate student, developed a methodology to assess the 

inflammation potential of ambient PM10, in vitro, where the term inflammation potential 

was used by the former graduate student to reflect the differential expression of ICAM-1 

and other mediators such as cytokines and chemokines. However my work identified 

problems with this methodology, and the majority of my work was focused on finding 

solutions to these problems. The objective of this thesis was to dose A549 cells with 

different particle types and monitor downstream biomolecules secreted by the cells using 

immunocytochemistry and MALDI-TOF-MS. The contribution of this thesis is to 

understand more about how A549 cells respond to the different particle compositions. 
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Chapter 2 Apparatus Used in This Study 

2.1 Electrodynamic levitation trap (EDLT) 

Electrodynamic levitation traps (EDLT) have been used in the Agnes group to 

generate particles [46, 47] for the purpose of investigating the effect of ambient particle 

mimics on lung cells [48-50]. The apparatus consists of a droplet dispenser, an induction 

electrode with a 5 mm in diameter hole cut in the centre, a pair of parallel ring electrodes 

and a bottom electrode (Figure 2.1).  

 

Figure 2.1  Schematic diagram of EDLT. 

A commercially available droplet dispenser (MJ-AB-01-60, MicroFab Technologies 

Inc., Plano, TX, USA) with a nozzle having a 60 μm internal diameter was used to 

dispense monodisperse droplets. A cylinder piezoelectric actuator was bonded to the 

droplet dispenser reservoir. The droplet dispenser reservoir was loaded with ~10 μL 

aliquot of a starting solution consisting of both volatile and non-volatile components. A 

120 Hz pulsed waveform with amplitude of 50 V was applied to the cylinder 

piezoelectric actuator. Thus, with each activation of the piezoceramic, the dispenser 

reservoir, which bonded to the cylinder piezoelectric actuator, produced a pressure 
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change, resulting in an acoustic wave within the solution in the dispenser tube. The 

pressure wave propagated towards the nozzle and caused a jet of liquid to separate from 

the nozzle and then collapse into a droplet. The nozzle of the droplet dispenser was 

positioned 1 mm above the induction electrode and centred over the hole that had been 

cut into it.  

A +120 V direct current (DC) potential was applied to the induction electrode. The 

electric field between the nozzle and the induction electrode induced different ion 

mobility in the jet of liquid emerging from the nozzle, resulting in a droplet with net 

charge when the jet separated from the nozzle and collapsed to a single droplet (under 

normal conditions).  

A pair of parallel ring electrodes were used to levitate the droplets. The pair of ring 

electrodes was similar to the ring electrode in a quadrupole ion trap (QIT) [51]. Although 

there are differences between an EDLT and a QIT, the relationships between the voltage 

of the waveform, the frequency of the waveform applied to the ring electrode and the 

particle mass-to-charge ratio that could stably levitate and object having net charge 

remain applicable [51]. A solution to the particle motion can be described as: 
4ezVac
m(r0ω)2 < 

0.908, where 
z
m  was the charge-to-mass ratio of the particle with net charge, e was the 

elementary electron charge, z was the number of elementary charges, Vac was the 

amplitude of the alternating current (AC) sinusoidal waveform, ω=2πf, in which f was the 

AC frequency, r0 was radius of the ring electrode [51, 52]. To levitate the droplets in an 

EDLT, an AC sinusoidal waveform with an amplitude of 4.5 kVp-p was applied to the 

ring electrodes. The frequency of the waveform was ramped from 60 Hz while the 
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droplets were generated to 460 Hz within 2 seconds because the volatile components 

within the droplet evaporated within a short time, and the mass of the droplets decreased. 

Following a 30 second levitation period, the droplet residue, the materials comprised of 

low volatility, were either solid, liquid, or a mixture of solid and liquid states depending 

on the materials added to the starting solution. These residues are referred to as particles. 

The mass of each component in the particle was estimated based on the initial known 

concentration of low volatility materials in each starting solution and the average volume 

of the dispensed droplets, which was 330 ± 190 pL [53].  

The levitated particles were removed from the EDLT by applying an attractive 4000 

V DC potential to the bottom electrode while reducing the frequency of the AC field back 

to 60 Hz. The particles could be deposited onto a culture of A549 cells by putting a cell 

culture plate on the bottom electrode prior to extraction of the particles from the EDLT. 

4000 V was a high voltage that could extract the particles from the EDLT to the bottom 

electrode and demonstrated no harm to the cell cultures [53]. 

2.2 Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS) 

Matrix-assisted laser desorption/ionization (MALDI), as a soft ionization technique, 

has become a widely used method to ionize and detect intact, thermally fragile, and low 

volatility compounds, such as proteins. The process of MALDI was described in 1988 

during the 11th International MS Conference in Bordeaux [42]. The compound used as 

the “matrix” is usually an acidic aromatic molecule that is mixed in aqueous solutions 

with analyte molecules, and that mixture aliquoted onto a target plate and allowed to dry 

forming matrix-analyte co-crystals [43]. It has been reported that molar ratios from 100 : 
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1 to 50,000 : 1 of matrix to analyte is optimal for ion production [54]. A pulsed laser 

(usually a N2 laser) is used for desorption and ionization of the analyte molecule [43, 55]. 

The light energy is mostly absorbed by matrix molecules and they are heated in a short 

period (p ~ n second) causing those molecules to sublimate from solid phase to gas phase 

in vacuum, carrying with them the analyte molecules into the gas phase [42]. In gas phase, 

electronically exited matrix molecules transfer a proton to an analyte molecule in 

favorable collisions to ionize the analyte molecule [43, 55]. Though fragmentation of 

analyte does occur, MALDI tends to generate predominately [M+H]+ or [M-H]- ions [42]. 

MALDI is typically interfaced with a time-of-flight (TOF) mass analyzer [42, 43]. 

In a TOF analyzer, ions are accelerated to the same kinetic energy by an electric potential 

and then allowed to pass through a field-free region (drift tube) [54] and therefore the 

time that each ion flies through the drift tube is proportional to the square root of the 

mass-to-charge ratio (m/z) of the ion, so that following calibration of drift times using 

standard molecules, the m/z of unknowns can be determined. The equation is described 

as followed:  KE = 
1
2 mv2 = zeV, where KE is the kinetic energy of ion, m is mass of ion, 

v is velocity of ion, z is number of net charges on the ion, eV is the kinetic energy gained 

by a single electron when it accelerates through an electrostatic potential. v = 
L
t  , where v 

is velocity of ion, L is drift length, t is drift time.  Thus 
m
z   = 

2eVt2

L2  . 

2.3 Fluorescence microscope 

An inverted fluorescence microscope (Figure 2.2) is used for detecting the 

substances using the phenomena of fluorescence. Fluorescence is luminescence by a 
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substance that absorbed a photon and emitted a UV-vis photon, usually of a longer 

wavelength. An electron in an atom can be promoted from a lower energy state to a 

higher energy state by absorbing a photon. The electron releases energy in the form of 

light (eg. luminescence) or heat when it returns back to the original energy state. Some of 

the energy is lost in molecular rotations, vibrations or heat before emission of the light, 

thus, the emission wavelength is typically longer than the excitation wavelength.  

In a fluorescence microscope, light is first passed through a dichroic filter cube 

containing a fluorescence bandpass excitation filter. The frequency of light that passes 

through the filter is a specific small range of frequency, and the filter is selected so that 

the transmitted light can be absorbed by the sample. The light passes through the 

objective lens, and reaches the sample. The sample absorbs the light and then, in the case 

of molecule non-resonant fluorescence, emits a longer wavelength of light. An emission 

filter is selected so that only light emitted from the sample can pass through and go to the 

detector and eyepiece of the microscope to provide the fluorescence image.  

 

Figure 2.2  Schematic diagram of an inverted fluorescence microscope. 
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Chapter 3 Improvement of Methodology to Measure 
Differential Expression of ICAM-1, in vitro, in Response to 

Incubation with Particles Prepared by EDLT 
 

3.1 Introduction 

Many studies conclude that there is a link between exposure to ambient air 

particulate matter (PM) and adverse health effects [1-12]. To study the effect of PM on 

human lung tissue, a common methodology is to collect atmospheric dusts from air filters, 

followed by resuspension of these dusts in liquid [56, 57], or they are re-dispersed using a 

powder disperser [58], prior to being injected or instilled [57] or inhaled [56, 58] 

respectively into animal models, or suspended in cell growth medium prior to incubation 

with cell cultures [59, 60]. Conversely, standard solutions of compositions that have been 

identified in PM have been instilled in animal models [61] or incubated with cell cultures 

[60, 62].  

In this chapter, I first introduce Allen Haddrell’s methodology of assessing the 

inflammation potential of ambient PM10, point out the problems encountered in using his 

methodology, and then I describe solutions to these problems, with subsequently 

collected data and data processing strategies. Lastly, I describe the entire procedure of the 

modified methodology. 
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3.2 Compositions of particles used in this chapter 

3.2.1 Lipopolysaccharide (LPS) 

Endotoxin is a toxic compound detected as a component of the outer membrane of 

Gram-negative bacteria [63-72]. However the word “Lipopolysaccharide” (LPS) has 

different definitions in the literature. Many authors consider endotoxin and LPS as being 

synonymous [63-67], while some reports consider LPS as the chemically pure form of 

endotoxin [68, 73], others define LPS as a part of endotoxin [69, 74], and one literature 

report indicates that endotoxin is biologically active LPS [70].  

LPS comprises three segments: lipid A, core domain and O-specific chain [75]. All 

the three segments have various structures from different LPS [75]. Lipid A, which is a 

family of (phospho)glycolipid molecules, is responsible for the toxicity of the LPS [75]. 

Core domain, which is a branched heteropolysaccharide without repeating glycosyl 

structures, attaches directly to the lipid A [75]. The function of the core domain is to 

modulate biological activity of lipid A [75]. O-specific chain, which is a repetitive glycan 

polymer, attaches to the core domain [75]. O-specific chain can downregulate the 

endotoxic activity of the LPS [75].  

The rationale to incorporate LPS into particles used in this work was because 

previous studies have shown that LPS is ubiquitous in the environment [68, 70-72, 76-78]. 

LPS, alone or as a component of ambient particles, is able to induce strong lung innate 

immune response characterized by cytokine production and immune system activation 

[66, 67, 70, 73, 74, 77, 79]. No-observed-effects-levels (NOEL) are used to define 

tolerable exposure concentrations. From field studies, guidelines have been proposed by 

Rylander in 1997 for the NOEL concentration of endotoxin in dust for airway 
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inflammation at 10 ng/m3; for systemic effects at 100 ng/m3, and for toxic pneumonitis at 

200 ng/m3 [80]. Another study reported that endotoxin exposure above 4 ng/m3 is 

associated with a decline in lung function [78].  

Environmental reports of endotoxin are expressed either as ng, a measurement of 

chemical activity, or as endotoxin units (EU), a measurement of biological activity [81]. 

Depending on the source of the endotoxin and its purification, the conversion from 

weight to EU varies [82]. The U.S. Food and Drug Administration (FDA) initially 

defined 1 ng endotoxin equals to 5 EU as Reference Endotoxin Standard (EC-2) [83]. 

However, the current Reference Endotoxin Standard (EC-6) defines 1 ng endotoxin as 

equal to 10 EU [84]. 

Various endotoxin measurements in PM have been reported around the world. A 

study in the USA reported that the average endotoxin concentration in Southern 

California was 13.6 EU/mg dust [65] while another study in the USA showed that the 

average endotoxin concentration inside Denver houses was 178.2 EU/mg dust, with a 

range from 20.8 – 2000 EU/mg dust [77]. A study in a USA fiberglass wool 

manufacturing plant reported that the 8 hour time-weighted average personal exposure 

endotoxin could be up to 759 ng/m3 [78]. A study in Brazil showed that a medium of 

endotoxin concentration was 10.8 EU/mg dust, with the range being 0.03 – 1100 EU/mg 

dust [66]. A study in Germany reported that the average concentration of endotoxin in 

living rooms is 2.27 ng/mg dust [71]. A study in New Zealand showed that the average 

endotoxin levels in a whole home is 28.4 EU/mg dust [72]. A study in Holland reported 

that the average endotoxin concentration in ambient particles collected at agricultural site 
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is 105 ng/m3 [73]. A study in UK reported that the endotoxin levels in agricultural 

environments, such as grain handling, could be up to as high as 770,000 ng/m3 [81].  

One literature reported that the receptor for LPS, Toll-like receptor 4 (TLR-4), is not 

expressed on the surface of A549 cells, but it exists intracellularly [85], while some 

literatures reported low level of surface expression of TLR-4 in A549 cells [86, 87]. One 

literature reported that TLR-4 exists intracellularly in A549 cells, but it translocates into 

membrane when induced with LPS [88]. Despite of the discrepancy in the literatures 

regarding of the surface expression of TLR-4 in A549 cells, all literatures agreed that 

LPS do affect ICAM-1 expression in these cells. 

In this study, up to 250 particles containing up to 1570 pg LPS from Escherichia coli 

O111:B4 (Sigma-Aldrich, L2630-10MG, Oakvillle, ON, Canada) per particle were 

deposited onto a culture of A549 cells. Since the culture contained ~7.5 × 104 cells [89], 

the total LPS added per cell was ~5 pg, which equaled ~0.05 EU. Since LPS is 

heterogeneous and tends to form aggregates of different sizes [90, 91], according to 

instructions provided by the supplier, the molecular weight can vary from 10 kDa to 

4,000 kDa. Therefore, it was meaningless to calculate the number of moles of LPS per 

cell. 

3.2.2 Carbon 

Carbonaceous PM, soots, are mainly composed of the products in the combustion of 

heavy petroleum distillates, including residual oils, coal-tar products, natural gas, 

acetylene and octane [92-94]. Carbon was used in this study as a mimic because soots in 

ambient samples have been found to be carcinogenic in animal and human studies [94-

96]. In this study, a particle residue of India Ink was considered as elemental carbon, 
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because in the India Ink, the carbon is present as nanoparticles ~20 nm in dimension, and 

the quantity of solids in India Ink, assumed to be predominantly carbon, was measured as 

227 ± 5 mg residue per mL ink using gravimetric analysis. 

3.3 Agnes laboratory existing methodology 

Allen Haddrell, a previous graduate student, developed a methodology to assess the 

pro-inflammatory potential of ambient PM10, in vitro, using a particle levitation trap 

apparatus, as the tool by which ambient particle mimics were prepared and then delivered 

to a human lung cell culture [97]. This methodology included cell culturing, particle 

generation and deposition, and incubation followed by assays of soluble biomolecules in 

supernatant using soft ionization mass spectrometry and immunocytochemistry.  

 

The Haddrell methodology  

3.3.1 Cell culture 

A549 cell lines (American Type Culture Collection [ATCC], CCL 185, Manassas, 

VA, USA) were grown to ~95% confluence on an 18 mm × 18 mm glass coverslip in a 6-

well plate (Corning, 3516, Lowell, MA, USA) in minimum essential medium (MEM) 

(Sigma-Aldrich, M0769-10X1L, Oakvillle, ON, Canada) supplemented with 10% heat-

inactivated fetal bovine serum (FBS) (Invitrogen Canada Inc., 26140-079, Burlington, 

ON, Canada) in 5% CO2 at 37 ºC and 100% humidity [97]. 

3.3.2 Particle generation and deposition onto lung cells in vitro 

With a population of particles generated and levitated using an EDLT (described in 

chapter 2), a cell culture grown on a coverslip was drained by touching onto a kimwipe 
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tissue, leaving behind 15.9 ± 2.5 μL [97] of the growth medium. The coverslip was 

immediately placed under the EDLT. The particles were then deposited from the AC trap 

directly onto the cell culture. The coverslip was then placed into a sterile (35 mm × 10 

mm) tissue culture dish and then incubated in an atmosphere of 5% CO2 at 37 ºC and 

100% humidity for 24 hours. No additional medium was added to the cell culture during 

the incubation period. 

The negative controls were cell cultures grown to ~95% confluence on an 18 mm × 

18 mm glass coverslip that followed all steps of the procedure described above except 

deposition of the particles. The positive controls were cell cultures grown to ~95% 

confluence on an 18 mm × 18 mm glass coverslip bathed in 50 ng/mL tumor necrosis 

factor alpha (TNF-α) (Sigma-Aldrich, T6674-10UG, Oakvillle, ON, Canada) in 2 mL of 

growth medium and incubated for 24 hours. TNF-α is known to induce ICAM-1 

expression on A549 cells [98-100]. 

3.3.3 Collection of the Supernatant for MALDI-TOF-MS analysis 

Following an incubation period, the supernatant was collected by washing with a 50 

μL aliquot of Phosphate Buffered Saline (PBS) solution over two entire cell cultures to 

harvest sufficient biomolecules to be detected using MALDI-TOF-MS. The harvested 

supernatant samples were stored in a micro-centrifuge tube at -20 ºC until analysis. 

To remove the PBS in the supernatant, a C18 ZipTip (Millipore, ZTC18S096, 

Etobicoke, ON, Canada), which is a pipette tip with a bed of chromatography media fixed 

at its end, was used to purify and concentrate the biomolecules in the supernatant. A 

MALDI-TOF-MS (Waters Corp., model MALDI-LR, Manchester, UK) was used to 

characterize supernatant samples. The mass range that monitored was from 3 to 24 kDa. 



20 

To compare data, the relative abundance of every ion in a spectrum was normalized to the 

abundance of the ion having the highest signal intensity per spectrum.  

3.3.4 Immunocytochemistry assay 

The cells were fixed with 1% acetone water solution for 10 minutes after the 24-

hour incubation period. The primary antibody was mouse monoclonal antibody directed 

to the human CD54 (ICAM-1) antigen (Invitrogen Canada Inc., MHCD54F, Burlington, 

ON, Canada). The secondary antibody was fluorescently labeled goat anti-mouse IgG 

antibody (Invitrogen Canada Inc., A-11003, Burlington, ON, Canada). Both the primary 

and secondary antibody dilution buffers were Tris(hydroxymethyl)aminomethane 

buffered saline (TBS)/Bovine serum albumin (BSA) (Sigma-Aldrich, A9647-50G, 

Oakville, ON, Canada) solution. 0.01 M TBS solution was prepared by adding 8.7 g TBS 

powder and 6.05 g sodium chloride (NaCl) powder to 950 mL Milli-Q water. The pH was 

adjusted to 7.6 with 1N hydrochloric acid (HCl) or 1N sodium hydroxide (NaOH) and the 

volume was brought up to 1 L by adding Milli-Q water. 0.001% (w/v) BSA solution was 

prepared by adding 0.01 g BSA powder to 1 L Milli-Q water. 500 mL 0.01 M TBS 

solution and 500 mL 0.001% (w/v) BSA solution were mixed to make the TBS/BSA 

antibody dilution buffer. 2 μL of 0.1 mg/mL primary antibody was added to 100 μL of 

antibody dilution buffer for staining the cells on one coverslip. 1 μL of 2 mg/mL 

secondary antibody was added to 100 μL of antibody dilution buffer for staining the cells 

on one coverslip.  
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3.3.5 Image from fluorescence microscopy and data analysis 

The coverslip supporting the cell cultures was mounted upside down onto a 75 mm 

× 25 mm microscope glass slide with a drop of glycerol in between. Nail polish was used 

to make the coverslip adhere to the glass slide. An inverted fluorescence microscope 

(Motic Instrument Inc., AE31, ON, Canada) with an Epi-FI filter block (Motic Instrument 

Inc., Green MG-1, ON, Canada) was used for observing and capturing images of the 

fluorescently labeled cell cultures from the site of particle deposition. The intensity of the 

fluorescence emission in each image was processed using Image J software (Research 

Services Branch, National Institute of Mental Health, Bethesda, MD, USA) and those 

pixel intensity values integrated using Excel (Microsoft, Seattle, Washington). The total 

fluorescence signal relative to positive control was expressed as a percentage and plotted 

as a function of the numbers of particles deposited.  

3.4 Problems with the existing methodology and problem solving 

3.4.1 Culture wide cell-death due to drying out and particles not adhering to 

the cells 

3.4.1.1 Trypan blue staining assay 

Trypan blue is a high molecular weight acid blue dye which has been widely used in 

cell-death experiments because it is inexpensive and the methodology for its use in such 

assays is well developed and simple [101, 102]. Trypan blue can be used for both 

adherent and suspended cells to distinguish their viability [101]. This dye stains cells 

having damaged plasma membranes based on the principle of “dye exclusion” [101, 102]. 

Intact cell membranes are selective in compounds that can cross the barrier. The two 
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chromophores in trypan blue are negatively charged and they belong to the compounds 

that are not allowed to cross intact cell membranes [102]. Viable cells having an intact 

membrane exclude trypan blue and thus appear transparent, while non-viable cells with 

compromised membrane integrity allow entry of trypan blue and thus appear blue. 

Trypan blue can be taken up by viable cells if it is exposed to cells for a long period of 

time. Trypan blue binds more strongly with serum proteins than cellular proteins [102], 

therefore PBS should be used to wash the cell culture before and 5 minutes after a trypan 

blue solution is added [102].  

3.4.1.2 Culture wide cell-death after 30 minutes incubation period due to cell 

culture drying out 

All of the photomicrographs including bright field and fluorescence images in this 

thesis were taken using inverted microscopes with an eyepiece magnification ×10 and 

objective lenses having different magnification power. Cell cultures prepared as 

described and incubated for 30 minutes were then bathed by a 0.4% (w/v) trypan blue 

solution (Sigma-Aldrich, T8154, Oakvillle, ON, Canada) to ascertain the viability of the 

cell culture after a brief rinse with PBS solution (Figure 3.1). According to Trypan blue 

staining assay results, the cells were non-viable after 30 minutes incubation period using 

Haddrell’s methodology.  
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Figure 3.1  Trypan blue cell viability assays. Cell cultures were grown in 2 mL of growth medium on 
coverslip (A) or drained with a piece of kimwipe tissue (B) were put into an incubator for a 30-
minute incubation period. 50 μL of 0.4% (w/v) trypan blue solution was added onto the coverslip 
supporting the cell cultures after a brief rinse with PBS solution. Cells from (A) were viable; cells 
prepared using the Haddrell’s methodology (intended for receipt of a particle population from an 
AC trap) (B) were non-viable. Images were taken using an objective magnification of 20X. 
 

3.4.1.3 Use of a 6-well plate to address cell death and particles not adhering 

In an effort to prevent the cells from drying out, causing their death, a 6-well plate 

was used in replacement of the coverslip because a uniform, thin layer of medium 

bathing the cells could be realized. A study to determine the minimum volume of growth 

medium necessary to keep the cells viable for a 2-hour period was performed. Trypan 

blue solution was used to test the viability of the cell culture after a 2-hour incubation 

period following a brief rinse with PBS solution (Figure 3.2). All the cells were viable 

after a 2-hour incubation period according to a trypan blue staining assay when 200 μL of 

growth medium was used to incubate with the cells. 

Although cells remained viable, carbon particles did not adhere to the cells, because 

of the additional growth medium added (Figure 3.3). While viewing the culture plate 

using the optical microscope, most of the particles (in region B) were observed to be 

floating and moving in the same direction, likely because of convective flow of the 

A B 

50 μm 50 μm



24 

growth medium. Increases in the incubation period did not improve particle adherence to 

the cells, and it increased the number of cells that were not viable (Figure 3.4).  

 

Figure 3.2 Trypan blue cell viability assays. Cell cultures were grown in 6-well plate in 2 mL of 
growth medium (A), or with medium aspirated by a water faucet driven vacuum aspirator followed 
by immediate introduction of 200 μL of additional growth medium (B), were put into an incubator 
for a 2-hour incubation period. 50 μL of 0.4% (w/v) trypan blue solution was added onto the cell 
cultures after a brief rinse with PBS solution. Cells from (A) and (B) were both viable. Images were 
taken using an objective magnification of 20X. 
 

 

Figure 3.3  Photomicrographs of A549 cells with carbon particles. Cell culture in 6-well plate having 
200 μL growth medium and ~100 8μm diameter carbon particles were deposited following a 2.5-hour 
incubation period. After a gentle shake of the cell culture, the focal plane of the image was positioned 
on the cells, and a few particles (the black dots highlighted in Region A) remained stationary and in 
focus with cells while particles (the grey dots highlighted in Region B) were observed to be not 
stationary and not in focus. Image was taken using an objective magnification of 5X. 
 

200 μm

A 

B 

A B 

50 μm 50 μm
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Figure 3.4  Trypan blue cell viability assay. Cell culture in 6-well plate having 200 μL growth 
medium and ~100 8μm diameter carbon particles were deposited and then incubated for 4-hour. 
Then 50 μL of 0.4% (w/v) trypan blue solution was added into the 6-well plate after a brief rinse with 
PBS solution. Approximately 30% of the cells were non-viable. Image was taken using an objective 
magnification of 20X. 
 

3.4.1.4 Cell viability and observed particle cell adhesion 

Cell cultures were grown on coverslips and drained of growth medium by gently 

dabbing for no more than 1 second once onto a glass slide by tilting the coverslip to ~45°. 

The coverslip was immediately placed into a sterile well of a 6-well plate after depositing 

the particles from the AC trap. If multiple populations of particle depositions were 

needed, the total time from removing medium to all particle depositions was no more 

than 2 minutes. After 10-15 minutes incubation period, 1 mL of medium was added to the 

6-well plate by slowly delivering the aliquot to the side wall of the well. After 24 hours 

incubation period, most of the cells were viable and most of the particles were adhering 

to the cells (Figure 3.5). 

50 μm
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Figure 3.5  Trypan blue cell viability assay. Cell cultures were grown on a coverslip and drained by 
gently dabbing once onto a glass slide. The coverslip was immediately placed into a well of 6-well 
plate after depositing the particles. After 10-15 minutes incubation period, 1 mL of medium was 
added to the 6-well plate by slowly adding against the side wall of the well. After 24 hours incubation 
period, 50 μL of 0.4% (w/v) trypan blue solution was added onto the coverslip after a brief rinse with 
PBS solution. Most of the cells were viable. Image was taken using an objective magnification of 10X. 
 

3.4.2 Acetone fixation causing cells to detach from the surface of the 

supporting material  

3.4.2.1 Acetone fixation causing cells detaching from the surface of the supporting 

material 

In Haddrell’s methodology, the cells were fixed with 1% acetone water solution for 

10 minutes after a 24-hour incubation period. Since additional medium had been added to 

the cell culture, the cells were moister than in Haddrell’s methodology, and the 1% 

acetone solution caused cells to detach from the surface of the supporting material 

(Figure 3.6). 

100 μm
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Figure 3.6 Photomicrographs of A549 cells cultured on coverslip and incubated for 24-hour 
incubation period. The pictures were the cells before (A) and after (B) fixation with 1% acetone 
solution for 10 minutes. Image was taken using an objective magnification of 20X. 
 

3.4.2.2 Alternative methods of cell fixation 

Warm (37 ºC) 1% acetone water or PBS solution was used to fix cell cultures for 10 

minutes at room temperature. In all instances, cells were observed to detach from the 

surface of the supporting material.  

Ice cold 1% acetone water or PBS solution was used to fix cell cultures for 10 to 30 

minutes at 37 ºC, room temperature or -4 ºC. Cells were observed to either be not all 

fixed or to detach from the surface of the supporting material. 

Ice cold 2% acetone water solution was used to fix cell cultures for 10 minutes at 

room temperature. Cells were observed to not be all fixed, and many of them were 

observed to detach from the surface of the supporting material. 

4% (w/v) paraformaldehyde (PFA)/PBS (pH 7.4) solution was used to fix the cell 

cultures [103, 104]. Cell cultures were washed with PBS solution twice before warm (37 

ºC) 4% PFA/PBS solution added to them for 20 minutes at room temperature. Cells were 

50 μm 50 μm
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fixed and kept the same shape as they were alive, and they remained fixed to the 

supporting material.          

3.4.3 Biomolecule ion signal intensity suppression in MALDI-TOF-MS 

characterization of supernatants 

3.4.3.1 Growth medium was observed to cause biomolecule ion signal intensity 

suppression in MALDI-TOF-MS characterization of supernatants 

Both growth medium itself and supernatant from A549 cell cultures were 

characterized by MALDI-TOF-MS (Figure 3.7). Spectra from growth medium itself and 

cell supernatant were observed to be similar though small differences were noted. Since 

more medium was added to the cell cultures in an effort to keep them viable, 

biomolecules from serum in the growth medium could be observed in cell supernatant in 

the MALDI-TOF-MS spectra. The similarity in the spectra shown in figure 3.7 are 

presumably attributed to compounds in serum, and the ion signal intensities of the 

biomolecules in serum were so strong, because of their relatively higher abundance than 

cell-secreted biomolecules, that they suppressed the ion signal intensities of the cell-

secreted biomolecules making those ion signal intensities undetectable from the 

background. Therefore, it was concluded that most ion signals observed in figure 3.7 (B) 

were from serum as the same ions were observed in figure 3.7 (A). 
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Figure 3.7  MALDI-TOF mass spectra of growth medium (A) or supernatants of A549 cell cultures 
incubated in incubator for a 22-hour incubation period after confluence (B). The growth medium 
and supernatant were each processed using a C18 ZipTip prior to co-crystallization with SA matrix 
on a MALDI target plate. 
 

3.4.3.2 Biomolecules in serum in growth medium interact with Al(NO3)3 and 

NaOH mixture 

To prepare the growth medium with Al(NO3)3 and NaOH mixture, 0.12 g 

Al(NO3)3·9H2O and 730 μL of 1N NaOH were added to 10 mL growth medium. Both 

growth medium itself, and growth medium with Al(NO3)3 and NaOH, were characterized 

by MALDI-TOF-MS (Figure 3.8). From figure 3.8, the ion signals at 6.20 kDa, 6.97 kDa 

and 13.74kDa were observed in growth medium with Al(NO3)3 and NaOH mixture, but 

not in growth medium itself. The ion signals at 5.71 kDa, 7.47 kDa and 12.49 kDa were 

observed in growth medium itself, but not in growth medium with Al(NO3)3 and NaOH. 

The ion signals at 8.58 kDa and 8.79 kDa were observed in both growth medium itself, 

and growth medium with Al(NO3)3 and NaOH. By comparison of ion signals in these two 

A 
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mass spectra, it was proposed that ion signals at 5.71 kDa and 12.49 kDa in figure 3.8 (A) 

shifted to a higher mass range of 6.20 kDa and 13.74 kDa in figure 3.8 (B) while the ion 

signal at 7.47 kDa in figure 3.8 (A) shifted to a lower mass range of 6.97 kDa in figure 

3.8 (B). The two mass spectra indicated that the biomolecules in serum interacted with 

Al(NO3)3 and NaOH, causing their ion signals detected to change to different m/z. 

However the specific compounds with respect to it being a factor in this interaction were 

not identified, because this experiment was only designed for further study of serum 

interfering with the results. This phenomenon suggested that those mass-to-charge 

changes in ion signal intensities observed previously in the old methodology may not all 

have been caused by cells secreting new proteins triggered by particles [105]. There is 

also a probability that they may have been caused by serum in the growth medium 

interacting with compounds in particles.  

 

Figure 3.8  MALDI-TOF mass spectra of growth medium (A) or growth medium containing 
Al(NO3)3 and NaOH (B). The growth medium with and without chemicals were each proceesed using 
a C18 ZipTip prior to co-crystallization with SA matrix on a MALDI target plate. 
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3.4.3.3 Diminishing of ion signal intensity suppression from serum in growth 

medium 

A549 cell cultures were incubated in serum-free medium (SFM) in replacement of 

growth medium during the incubation period prior to the collection of the supernatant. 

Both cell supernatants with growth medium or with SFM were characterized by MALDI-

TOF-MS (Figure 3.9). New and greater ion signal intensities were observed in SFM 

relative to those observed from samples incubated in growth medium, presumably due to 

alleviation of ion suppression in the ion source in supernatant samples incubated with 

SFM. SFM was therefore used to alleviate the suppression of ion signal intensities 

observed when present in a serum medium. 

 
Figure 3.9  MALDI-TOF mass spectra of the supernatants of A549 cell cultures incubated for a 22-
hour incubation period after confluence in growth medium (A) or in SFM (B). The supernatants 
were each processed using a C18 ZipTip prior to co-crystallization with SA matrix on a MALDI 
target plate. 
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3.5 Methodology improvements 

3.5.1 F-12K medium used as cell growth medium 

In Haddrell’s methodology, MEM was used as cell culture medium although MEM 

was not the medium that ATCC recommends for culturing of the A549 cell line. The 

medium recommended for this cell line was Kaighn's Modification of Ham's F-12 

Medium (F-12K medium) with FBS added to a final concentration of 10%.  

Although there was no obvious difference on cell morphology as observed with a 

microscope, F-12K was used in replacement of MEM since MEM did not contain enough 

compounds that A549 cells need such as vitamins, L-Glutamine, sodium pyruvate.   

3.5.2 Internal standard for MALDI-TOF-MS analysis 

In Haddrell’s methodology, to compare the data, the relative abundance of every ion 

in a mass spectrum was normalized to the abundance of the ion having the highest signal 

intensity which was not a proper way to normalize the data since the ion having the 

highest signal intensity could change from spectrum to spectrum and sample to sample. 

However an internal standard was required, and there was no ion signal at m/z 14.4 kDa 

from the MALDI-TOF-MS spectra, and therefore lysozyme from chicken egg white 

(Sigma-Aldrich, L7651-1G, Oakvillle, ON, Canada) was selected based on mass as an 

internal standard to further investigate. To determine the concentration of lysozyme to be 

added into the supernatant, several aliquots of a lysozyme stock solution were added to 

the supernatants and characterized by MALDI-TOF-MS (Figure 3.10). 6.3 × 10-8 M 

proved to be an optimal quantity of lysozyme, for supernatants harvested at 30 minutes 
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incubation period since the lysozyme could be detected by MALDI-TOF-MS while not 

suppressing other ion signal intensities. 

 

Figure 3.10  MALDI-TOF mass spectra of the supernatant of A549 cell cultures incubated in 
incubator for 30 minutes with SFM. The supernatant from one cell culture was split into 6 equal 
volume portions.  Final concentrations of 0.0 M (A), 1.3 × 10-8 M (B), 3.2 × 10-8 M (C), 6.3 × 10-8 M 
(D), 1.6 × 10-7 M (E) and 3.2 × 10-7 M (F) lysozyme were prepared respectively. The supernatants 
were then purified using a C18 ZipTip prior to co-crystallization with SA matrix on a MALDI target 
plate. Spectra on both left and right sides were different mass ranges with 5 kDa overlapping.   
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3.5.3 PBS solution used in replacement of TBS solution in 

immunocytochemistry 

In Haddrell’s methodology, the antibody dilution buffer for both the primary and 

secondary antibody was TBS/BSA solution. However, from immunohistochemistry (IHC) 

World Life Science Information Network’s antibody dilution buffer protocols, it claimed 

that TBS pH 7.6 used in either primary or secondary antibody dilution buffer produces 

weaker staining. It also suggested that BSA or other reagents not be used with serum to 

dilute secondary antibodies, since secondary antibodies can interact with BSA or serum 

that would reduce antibody affinity. With knowledge of these considerations, the primary 

antibody dilution buffer was changed to 1% (w/v) BSA/PBS solution, and the secondary 

dilution buffer was changed to PBS solution.   

3.5.4 Step-gradient elution experiment 

To ensure that Haddrell’s methodology’s ZipTip elution solution was optimized, 

step-gradient elution was performed. One supernatant sample was split into two equal 

volume portions. One portion was ZipTiped and eluted with the Haddrell’s 

methodology’s elution solution which was sinapic acid (SA) saturated in an acetonitrile 

(ACN)/trifluoroacetic acid (TFA) solution. The elution solution was prepared by adding 

excess SA (Sigma-Aldrich, 85429, Oakvillle, ON, Canada) powder into 50 μL ACN with 

50 μL 0.1% (v/v) TFA mixture solution to make SA saturate. Followed a centrifugation 

at a relative centrifugal force (rcf) of 2000 g for 5 minutes, the supernatant without solid 

SA was used for elution. The eluted sample was directly spotted to the MALDI target 

plate. The other portion was eluted with different concentrations of ACN in 0.1% TFA 

with saturated SA solutions:  
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(1) 50 μL ACN with 1 μL TFA in 949 μL Milli-Q water (5% ACN/0.1% TFA),  

(2) 100 μL ACN with 1 μL TFA in 899 μL Milli-Q water (10% ACN/0.1% TFA),  

(3) 200 μL ACN with 1 μL TFA in 799 μL Milli-Q water (20% ACN/0.1% TFA),  

(4) 300 μL ACN with 1 μL TFA in 699 μL Milli-Q water (30% ACN/0.1% TFA),  

(5) 500 μL ACN with 1 μL TFA in 499 μL Milli-Q water (50% ACN/0.1% TFA),  

(6) 700 μL ACN with 1 μL TFA in 299 μL Milli-Q water (70% ACN/0.1% TFA).  

Solutes retained on the ZipTip were first eluted by 4 μL 5% ACN/0.1% TFA by 

aspirating and dispensing the solution through the ZipTip using 5 cycles without 

introducing air followed by transferring the solution directly onto a sample well of 

stainless steel MALDI plate. The same ZipTip was then washed with 5% ACN using 3 

cycles without introducing air into the tip prior to next elution with 4 μL 10% ACN/0.1% 

TFA. The concentration of ACN was increased each time and the steps were repeated 

until step-gradient was completed (Figure 3.11). All the ion signals from figure 3.11 B to 

G could be observed in figure 3.11 A, which suggested that Haddrell’s methodology’s 

elution solution was optimal. 
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Figure 3.11  MALDI-TOF mass spectra of the supernatants of A549 cell cultures incubated in 
incubator for 30 minutes with SFM using Haddrell’s elution methodology (A) and step-gradient 
elution: 5% ACN/0.1% TFA (B), 10% ACN/0.1% TFA (C), 20% ACN/0.1% TFA (D), 30% 
ACN/0.1% TFA (E), 50% ACN/0.1% TFA (F), 70% ACN/0.1% TFA (G). Spectra on left, middle and 
right sides were different mass ranges with 4-6 kDa overlapping. 
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3.5.5 Minor changes in the methodology  

My study focused on 6-8 μm diameter particles. After all of the changes described, 

the methodology was used for my studies. Alice Kardjaputri, another graduate student, 

tried to use this modified methodology in 2.4 μm diameter particles study but found it did 

not work very well. For example, smaller particles did not adhere to the cells themselves. 

Kardjaputri made some changes to this modified methodology again. In an effort to make 

the whole group have one uniform methodology, I made additional changes in my 

methodology to be consistent with that being used by Kardjaputri.   

3.5.5.1 Cells cultured in centre-well organ culture dish  

Since cells cultured on coverslips had greater risk of contamination than cells 

cultured in a centre-well organ culture dish. The latter was used in replacement of 

coverslip since it had a similar surface area as the coverslip used in previous experiments. 

Moreover, water was added into the moat of the dish to assist keeping the cells moist 

while only a small volume of SFM was added to the cells to facilitate particle contact and 

adherence to the cells, and the cells did not dry out.   

3.5.5.2 FluoSpheres added into the particles 

Particles < 6 μm were difficult to locate with a bright field microscope, whereas by 

comparison 6-8 μm diameter particles were easy to find. FluoSpheres beads (Invitrogen 

Inc., F-8787, Burlington, ON, Canada), 0.02 μm polystyrene microspheres with dyes, 

were added to particles in the ~2 μm size range by Kardjaputri to aid in locating the 

particles through a fluorescence microscope. Since these dye containing microspheres 
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had been used in cells and showed no harm to cell cultures [106, 107], I added them into 

my types of particles to keep methodology uniform with other group members.   

3.5.5.3 Centrifugation after deposition of particles 

Particles in the ~2 μm size range required assistance (eg. an extra force) beyond 

gravitational settling alone to enable them to make contact with the cells, whereas 6-8 μm 

diameter particles made contact and adhered to the cells themselves. Trypan blue assay 

was used to assess cell viability after centrifugation and the cells were viable. Therefore 

centrifugation (at rcf of 1200 g for 1 minute) was added to my methodology to maintain 

method uniformity with other group members. 

3.6 MALDI-TOF-MS data processing 

3.6.1 Ion signals monitored by MALDI-TOF-MS 

A549 cells were cultured in centre-well organ dishes and bathed in 250 μL SFM in 

an incubator with 500 ng/mL TNF-α, as positive control, or without TNF-α as negative 

control. Cell supernatants were collected after 24 or 48 hours and characterized by 

MALDI-TOF-MS (Figure 3.12). The ion signal at 14.4 kDa in Figure 3.12 was the 

internal standard of lysozyme which was described in section 3.5.2. The relative ion 

signal intensity of lysozyme was set to 1. From figure 3.12, it was observed that the 

biomolecules secreted by cells increased when the incubation period increased. However, 

it may also have been caused by simply one MALDI-TOF-MS data to the next MALDI-

TOF-MS data, eg. routine variability in MALDI-TOF-MS. The ion signal intensity at 

8.37 kDa was much higher in positive controls than in negative controls in both 24 and 

48 hours incubation period. To learn if there is a dose response relationship between 
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number of particles and the ion signal intensity at 8.37 kDa secreted by A549 cells, A549 

cells were cultured in centre-well organ dishes and dosed with different numbers of 

particles containing 320 pg LPS and 1110 pg carbon per particle and incubated in an 

incubator with 250 μL SFM. Cell supernatants were collected after 72 hours and 

characterized by MALDI-TOF-MS (Figure 3.13).   

 

Figure 3.12  MALDI-TOF mass spectra of the supernatants of A549 cell cultures incubated in 250 μL 
SFM with 500 ng/mL TNF-α (B) (D) or without TNF-α(A) (C) in incubator for 24 hours (A) (B) or 48 
hours  (C) (D) incubation period. Lysozyme as an internal standard was added to the supernatants 
with a final concentration of 1.3 × 10-7 M. The supernatants were each processed using a C18 ZipTip 
prior to co-crystallization with SA matrix on a MALDI target plate. 
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Figure 3.13  MALDI-TOF mass spectra of the supernatants of A549 cell cultures incubated in 250 μL 
SFM in incubator for 72 hours incubation period after deposition of 0 (A), 24 (B), 35 (C), 51 (D), 65 
(E), 90 (F) particles containing 320 pg LPS and 1110 pg carbon per particle. Lysozyme as an internal 
standard was added to the supernatants with a final concentration of 1.3 × 10-7 M. The supernatants 
were each processed using a C18 ZipTip prior to co-crystallization with SA matrix on a MALDI 
target plate. 
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        Ratios of ion signal intensities at 8.37 kDa to internal standard, the ratio of ion 

signal intensities at 8.58 kDa to internal standard, and the ratio of ion signal intensities at 

8.37 kDa to 8.58 kDa from figure 3.13 were plotted as functions of number of particles 

(Figure 3.14). Ion signal intensities at 8.37 kDa were observed increasing while ion signal 

intensities at 8.58 kDa were observed decreasing when the number of particles increased 

and therefore the ratios of the ion signal intensity at 8.37 kDa to 8.58 kDa were observed 

increasing. All of the three plots could be fitted by least squares linear fits. 
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Figure 3.14  ratios of ion signal intensities at 8.37 kDa to internal standard ( ), ratios of ion signal 
intensities at 8.58 kDa to internal standard (x), ratios of ion signal intensities at 8.37 kDa to 8.58 kDa 
(▲) were plotted as functions of number of particles.  The equations of the least squares linear fits 
were y = 0.0117x + 1.7313 for ratios of ion signal intensities at 8.37 kDa to internal standard, y = -
0.0110x + 2.5496 for ratios of ion signal intensities at 8.58 kDa to internal standard, and y = 0.0114x + 
0.6572 for ratios of ion signal intensities at 8.37 kDa to 8.58 kDa. 
 

Next, A549 cells were cultured in centre-well organ dishes and dosed with different 

numbers of particles containing different compositions (50 pg LPS and 290 pg carbon per 

particle or 320 pg LPS and 1110 pg carbon per particle) and incubated with 250 μL SFM. 

Cell supernatants were collected after 24 hours or 72 hours and characterized by MALDI-

TOF-MS. The ion signal intensity ratios of 8.37 kDa to 8.58 kDa were plotted as 
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functions of number of particles (Figure 3.15). For each particle composition, 72 hours 

incubation period experiment was replicated. In figure 3.15, the plots with the same 

composition of particles deposited could be fitted with the same least squares linear 

regression line although the incubation periods were different. My conclusion was that 

the different slopes indicated different cellular responses to the two particle types. 
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Figure 3.15  Ratios of ion signal intensities at 8.37 kDa to 8.58 kDa were plotted as functions of 
number of particles. A549 cells were cultured in centre-well organ dishes and dosed with different 
numbers of particles containing 50 pg LPS and 290 pg carbon ( ) ( ) (▲) or 320 pg LPS and 1110 pg 
carbon (□) (○) (∆) per particle and incubated in incubator with 250 μL SFM. Cell supernatants were 
collected after 24 ( ) (□) or 72 ( ) (▲) (○) (∆) hours. The supernatants were each processed using a 
C18 ZipTip prior to co-crystallization with SA matrix on a MALDI target plate and characterized by 
MALDI-TOF-MS. Different symbols represent different experimental runs.  
 

The ratio of ion signals at 8.37 kDa to 8.58 kDa was found to be a useful cellular 

readout to indicate relative response to incubation with different compositions of particles. 

MALDI-TOF-MS could be an easier and faster way to monitor cellular response in a 

dose-response lung cell stimulation study, especially if more mediators can be detected 

and identified. The ion signal at 8.37 kDa has been assigned to chemokine CXCL-5 and 
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the ion signal at 8.58 kDa has been assigned to ubiquitin, which were both identified 

through a sequencing experiment by another graduate student Edward Lau who used an 

LC-MS/MS procedure. 

3.7 Immunocytochemistry data processing 

3.7.1 Patterns of ICAM-1 expression 

3.7.1.1 Every single cell expressing ICAM-1 

A549 cells were cultured in centre-well organ dishes and bathed in 250 μL SFM in 

an incubator with 500 ng/mL TNF-α. Cells were fixed after 24 hours incubation period 

and stained with ICAM-1 fluorescence antibodies. Both bright field and fluorescence 

images were taken from the cell culture at random spots (Figure 3.16). Figure 3.16 C was 

a combination of figure 3.16 A and B. Red colour indicated the ICAM-1 expression, and 

from figure 3.16 C, it showed each single cell was red, but to differing degrees. It 

suggested that ICAM-1 was upregulated and expression was effected by every single cell 

although some of the cells expressed more ICAM-1 than the others, assuming all ICAM-

1 expressed was labelled with equal efficiency.  
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Figure 3.16  A549 cells were cultured in centre-well organ dishes and bathed in 250 μL SFM in an 
incubator with 500 ng/mL TNF-α. Cells were fixed after 24 hours incubation period and stained with 
ICAM-1 fluorescence antibodies. Bright field (A) and fluorescence images (B) of A549 cells were 
taken at the same spot. (C) was a combination of (A) and (B) using imaging software (Photoshop, 
Adobe) with the bright field image indicating the boundaries of cells and the fluorescence image 
indicating the locations of ICAM-1 expression. Images were taken using an objective magnification 
of 20X. 

3.7.1.2  Non-uniform ICAM-1 expression 

A549 cells were cultured in centre-well organ dishes and dosed with 115 particles 

containing 1550 pg LPS, 2180 pg carbon, 1 pg Ni(NO3)2 and 6 pg FluoSpheres per 

particle and incubated with 250 μL SFM. Cells were fixed after 24 hours incubation 

period and stained with ICAM-1 fluorescence antibodies. Both bright field and 

fluorescence images were taken from the cell culture at one spot in which particles were 

found (Figure 3.17). Again, figure 3.17 C was a combination of figure 3.17 A and B. 

ICAM-1 expression was not uniform with only a few cells expressing ICAM-1. 
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Figure 3.17  A549 cells were cultured in centre-well organ dishes and dosed with 115 particles 
containing 1550 pg LPS, 2180 pg carbon, 1 pg Ni(NO3)2 and 6 pg FluoSpheres per particle and 
incubated with 250 μL SFM. Cells were fixed after 24 hours incubation period and stained with 
ICAM-1 fluorescence antibodies. Bright field (A) and fluorescence images (B) of A549 cells were 
taken at the same spot. Fluorescence image of ICAM-1 (red colour) and fluorescence image of 
FluoSpheres (green colour) were taken respectively and combined into one image (B) using 
photoshop software. (C) was a combination of (A) and (B). Images were taken using an objective 
magnification of 20X.  
 

Another observation from figure 3.17 was that a majority of the cells in contact with 

particles did not express ICAM-1, however the neighbouring cells expressed ICAM-1. 

Similar observations can be found on the higher magnification fluorescence image 

(Figure 3.18). Figure 3.18 was the same cells’ image taken at the particle deposition site, 

defined as an approximately 2 mm diameter circular region at the centre of the centre-

well organ dish where most of the particles were observed to have settled after their 

deposition there. 
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Figure 3.18  Fluorescence image of A549 cells was taken at the particle deposition site. A549 cells 
were cultured in centre-well organ dishes and dosed with particles containing 1550 pg LPS, 2180 pg 
carbon, 1 pg Ni(NO3)2 and 6 pg FluoSpheres per particle and incubated with 250 μL SFM. Cells were 
fixed after 24 hours incubation period and stained with ICAM-1 fluorescence antibodies. 
Fluorescence image of ICAM-1 (red colour) and fluorescence image of FluoSpheres (green colour) 
were taken respectively and combined into one image using photoshop software. Images were taken 
using an objective magnification of 40X. 
 

A series of fluorescence images were taken from the same cell culture. Images were 

taken along one direction from the edge of particle deposition site of the cell culture. 

Each two images acquired contained about 10% overlap region, which was cropped when 

combing images into a single image of a new 2.8 mm by 0.2 mm using photoshop 

software (Figure 3.19). Not only the cells around particle deposition site expressed 

ICAM-1, but the cells as far as 3 mm away expressed ICAM-1 and the fluorescence 

intensity of ICAM-1 antibody was not decreasing with the distance from particle 

deposition site. Although the particles were deposited in the centre of the culture dish, 

they stimulated the whole culture to form ICAM-1 expression.  

100 μm 
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Figure 3.19  Fluorescence image of A549 cells. A549 cells were cultured in centre-well organ dishes 
and dosed with 115 particles containing 1550 pg LPS, 2180 pg carbon, 1 pg Ni(NO3)2 and 6 pg 
FluoSpheres per particle and incubated with 250 μL SFM. Cells were fixed after 24 hours incubation 
period and stained with ICAM-1 fluorescence antibodies.  A series of fluorescence images were taken 
along one direction from the edge of particle deposition site of the cell culture.  Each two images 
acquired contained about 10% overlap region, which was cropped when combing images into a 
single image of a new 2.8 mm by 0.2 mm using photoshop software. Fluorescence image of ICAM-1 
(red colour) and fluorescence image of FluoSpheres (green colour) were taken respectively and 
combined into one image using photoshop software. Images were taken using an objective 
magnification of 20X. 
 

3.7.1.3 ICAM-1 expression patterns 

To study if the pattern of ICAM-1 expression related to the concentration of the 

materials incubated with cells, A549 cells were cultured in centre-well organ dishes and 

bathed in 250 μL SFM in an incubator with different concentrations of TNF-α. Cells were 

fixed after 24 hours incubation period and stained with ICAM-1 fluorescence antibodies. 

A series of fluorescence images were taken along one direction from a random spot at the 

centre of the cell culture. Each two images acquired contained about 10% overlap region, 

which was cropped when combing images into a single image of a new 2.8 mm by 0.2 

mm area using photoshop software (Figure 3.20). As the concentration of TNF-α 

increased, the number of cells expressing ICAM-1 increased and the pattern of ICAM-1 

expression changed from random to every cell expressing ICAM-1. Therefore, for 

whatever reasons the pattern of ICAM-1 expression was a function of the concentration 

of the soluble TNF-α incubated with cells. Therefore, the upregulation of ICAM-1 by 

random cells across the cell culture at low doses of either particles or TNF-α solution, 

yielded similar looking images.   

100 μm 
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Figure 3.20  Fluorescence image of A549 cells. A549 cells were cultured in centre-well organ dishes 
and bathed in 250 μL SFM in incubator with final concentrations of 0 ng/mL (A), 50 ng/mL (B), 100 
ng/mL (C), 250 ng/mL (D), 500 ng/mL (E), 1000 ng/mL (F) of TNF-α. Cells were fixed after 24 hours 
incubation period and stained with ICAM-1 fluorescence antibodies. A series of fluorescence images 
were taken along one direction from a random spot near the centre of the cell culture. Each two 
sequential images acquired contained about 10% overlap region, which was cropped when combing 
images into a single image of a new 2.8 mm by 0.2 mm using photoshop software. Images were taken 
using an objective magnification of 20X.  
 
 

3.7.2 Fluorescence Image capture  

In Haddrell’s methodology, 3 pictures from particle deposition site were taken and 

the intensity of the fluorescence emission in the image was calculated by Image J 

software. Since ICAM-1 was not only expressed at the deposition site in my study, 9 

pictures were taken in an array (Figure 3.21) and the average of the 9 fluorescence 

intensities was used for data analysis.  
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Figure 3.21  An example of 9 pictures taken from one cell culture. 71 particles containing 1570 pg 
LPS, 2200 pg carbon and 6 pg FluoSpheres per particle were dosed onto this cell culture. The array 
of images corresponded to the numbers as the scheme showed. The fluorescence image of number 5 
was a combination of fluorescence image of ICAM-1 (red colour) and fluorescence image of 
FluoSpheres (green colour) using photoshop software. Images were taken using an objective 
magnification of 40X.  
  

3.7.3 Comparison of several different image processing methodologies  

Since particles deposited in the centre of the centre-well organ dish were able to 

effect culture-wide, yet random, ICAM-1 expression, my suggestion of this phenomenon 

was that the soluble components of particles could desorb from the particle and dissolve 

in SFM and diffuse to stimulate the whole cell culture. The hypothesis of my thesis was 

that different (soluble / insoluble) compositions of particles cause different cellular 

responses, as suggested by the data plotted in figure 3.15. But there were only two 

different compositions of particles and therefore it was difficult to distinguish what was 

more important to influence the cellular responses. In addition, MALDI-TOF-MS was 

known to provide semi-quantitative analysis. Based on the above reasons, 

immunocytochemistry was used to complete this study. 
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Compound of LPS (soluble) plus nanoparticles of carbon were used as particles in 

this study. Three possibilities that could influence the cellular responses were proposed 

here:  

1. Mass ratio between LPS and carbon per particle. 

2. Mass of LPS per particle. 

3. Total mass of LPS plus carbon per particle 

To study which factor was the most important in affecting cellular response, several 

types of particles containing different mass ratios of LPS to carbon were used. The 

particles from all types of compositions were 6.6 ± 1.3 μm diameter. The images of two 

types of particles with lowest mass and highest mass are shown in figure 3.22 as 

examples. The reason why these different particles (in terms of mass) have similar size 

was not fully understood. Further investigation related to particle mass and size was 

performed by Edward Lau.  

 

Figure 3.22  Photomicrographs of particles containing 50 pg LPS, 290 pg carbon and 6 pg 
FluoSpheres (A) or 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres (B) per particle on glass slide. 
Image was taken using an objective magnification of 40X. 
 

ICAM-1 antibody fluorescence images were captured for data processing. In an 

effort to compare different image processing methodologies, three replicates of cells 

dosed with different numbers of particles containing 1570 pg LPS, 2200 pg carbon and 6 

25 μm
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pg FluoSpheres per particle and incubated for 24 hours were performed. After 

immunocytochemistry, the data from those experiments were processed in 5 different 

ways (Figure 3.23, Figure 3.31, Figure 3.39, Figure 3.48 and Figure 3.55) as discussed 

below. To address the 3 possibilities as stated above, ICAM-1 expressions induced by all 

types of particles were processed following the 5 different methodologies and plotted in 

terms of mass ratio between LPS and carbon per particle, mass of LPS per particle and 

total mass of LPS plus carbon per particle respectively.  

3.7.3.1 Total fluorescence signal relative to positive control methodology 

Total fluorescence signal relative to positive control (cells incubated with 500 

ng/mL TNF-α) was expressed as a percentage. The relative fluorescence intensity was 

plotted as a function of number of particles deposited onto the cells (Figure 3.23). This 

data suggested that the ICAM-1 expression was dose dependent when the cells were 

dosed with low number of particles. With the number of particles increasing, the ICAM-1 

expression reached its maximum under the condition of this specific particle type, and 

then was no longer dose dependent. A trypan blue assay was used to confirm that with 

the number of particles increasing, the ICAM-1 expression having a region of data fitted 

to a line having a slope approaching 0 was not because of cell death (Figure 3.24). 
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Figure 3.23  Plot of the relative ICAM-1 antibody fluorescence intensity as a function of number of 
particles. Different numbers of particles containing 1570 pg LPS, 2200 pg carbon and 6 pg 
FluoSpheres per particle were deposited onto the cells. ( ) ( ) (▲) indicate replicates. 
 

   
Figure 3.24  Trypan blue cell viability assay. A549 cells were cultured in centre-well organ dishes and 
dosed with ~100 particles (two populations) containing 1570 pg LPS, 2200 pg carbon and 6 pg 
FluoSpheres per particle and incubated in incubator with 250 μL SFM.  After 24 hours incubation 
period, 50 μL of 0.4% (w/v) trypan blue solution was added into the centre-well organ dish after a 
brief rinse with PBS solution. A and B were pictures taken from two different spots of the cell culture. 
It was observed that more than 90% of the cells were viable. Images were taken using an objective 
magnification of 10X. 
 

Since there were two distinct regions from the plot that were able to be fitted with 

least squares linear regression lines: a region of positive slope, and a region of data points 

100 μm 100 μm 
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able to be fitted to a line which had a slope approaching 0 (plateau region), two numbers 

were used to present ICAM-1 expressions: the magnitude of the slope of the least squares 

linear fit to the region of data fitted to a positive slope and the magnitude of the intercept 

of the least squares linear fit to the region of data fitted to a line having a slope 

approaching 0. 

3.7.3.1.1 Results from the region of positive slope of a least squares linear fit 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. The relative fluorescence 

intensities, which were the total fluorescence signals from test sample relative to positive 

control expressed as percentages, were plotted as a function of the number of particles for 

each individual experiment. The magnitude of the slope of the least squares linear fit to 

the region of data fitted to a positive slope from each type of particles were plotted as 

functions of mass ratio between LPS and carbon per particle, mass of LPS per particle 

and total mass of LPS plus carbon per particle respectively (Figure 3.25, Figure 3.26, 

Figure 3.27).  
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Figure 3.25  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass ratio between LPS and carbon per particle. Particles with ~340 
pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were 
generated and deposited onto the cells. Error bars represent the error of slopes. 
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Figure 3.26  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon 
(♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 
1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.27  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of total mass of LPS plus carbon per particle. Particles with 0% of LPS to 
total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total 
mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total 
mass  (x) per particle were generated and deposited onto the cells. Error bars represent the error of 
slopes. 
 

3.7.3.1.2 Results from the region of data that was fitted to a least squares linear 

fit to data that yielded a line having a slope approaching 0 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. The relative fluorescence 

intensities were plotted as a function of the number of particles for each individual 

experiment. The intercept of the least squares linear fits, that all had slopes approaching 0, 

were plotted for each type of particle. The intercept of negative control from each 

individual experiment was subtracted from the data points respectively. The differences 

between the magnitudes of intercepts of the least squares linear fit to the region of data 

fitted to a line having a slope approaching 0 and the negative controls were plotted as 
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functions of mass ratio between LPS and carbon per particle, mass of LPS per particle 

and total mass of LPS plus carbon per particle respectively (Figure 3.28, Figure 3.29, 

Figure 3.30).  
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Figure 3.28  Plot of differences between the magnitude of intercept of the least squares linear fit to 
the region of data fitted to a line having a slope approaching 0 and the negative control as a function 
of mass ratio between LPS and carbon per particle. Particles with ~340 pg (♦), ~1200 pg ( ), ~2400 
pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were generated and deposited 
onto the cells. Error bars represent the standard deviation of the intercept. 
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Figure 3.29  Plot of differences between the magnitude of intercept of the least squares linear fit to 
the region of data fitted to a line having a slope approaching 0 and the negative control as a function 
of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon (♦), 0 pg carbon but ~1200 
pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 1500 pg carbon (▲), 1500 
pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were generated and deposited onto 
the cells. Error bars represent the standard deviation of the intercept. 
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Figure 3.30  Plot of differences between the magnitude of intercept of the least squares linear fit to 
the region of data fitted to a line having a slope approaching 0 and the negative control as a function 
of total mass of LPS plus carbon per particle. Particles with 0% of LPS to total mass (♦), 100% of 
LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total mass (+), ~40% of LPS to 
total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total mass  (x) per particle were 
generated and deposited onto the cells. Error bars represent the standard deviation of the intercept. 
 

3.7.3.2 Background subtraction before fluorescence signal relative to positive 

control 

Fluorescence signals from negative control were calculated by Image J and 

subtracted from fluorescence signals from both positive control and test samples. The 

difference of fluorescence signals between sample and negative control relative to the 

difference of fluorescence signals between positive control and negative control was 

expressed as a percentage. The relative fluorescence intensity was plotted as a function of 

the number of particles deposited onto the cells (Figure 3.31). It was observed that there 

were also two distinct regions able to be fitted with least squares linear regression lines: a 

region of positive slope, and a region of data points able to be fitted to a line which had a 

slope approaching 0. Because it was plotted in a different way, the magnitude of Y axis in 
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figure 3.31 (~20%) was more extended than in figure 3.23 (~10%), yet the data trend was 

similar to that in figure 3.23. 
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Figure 3.31  Plot of the relative ICAM-1 antibody fluorescence intensity (after background 
subtraction) as a function of number of particles. Different numbers of particles containing 1570 pg 
LPS, 2200 pg carbon and 6 pg FluoSpheres per particle were deposited onto the cells. ( ) ( ) (▲) 
indicate replicates. 
  

Again, two numbers were used to present ICAM-1 expressions: the magnitude of the 

slope of the least squares linear fit to the region of data fitted to a positive slope and the 

magnitude of the intercept of the least squares linear fit to the region of data also fitted to 

another line having a slope approaching 0. 

3.7.3.2.1 Results from the region of positive slope of a least squares linear fit 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After background 

subtraction, the relative fluorescence intensities were plotted as a function of the number 
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of particles for each individual experiment. The magnitude of the slope of the least 

squares linear fit to the region of data fitted to a positive slope from each type of particles 

were plotted as functions of mass ratio between LPS and carbon per particle, mass of LPS 

per particle and total mass of LPS plus carbon per particle respectively (Figure 3.32, 

Figure 3.33, Figure 3.34).  
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Figure 3.32  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass ratio between LPS and carbon per particle. Particles with ~340 
pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.33  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon 
(♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 
1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.34  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of total mass of LPS plus carbon per particle. Particles with 0% of LPS to 
total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total 
mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total 
mass  (x) per particle were generated and deposited onto the cells. Error bars represent the error of 
slopes. 
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3.7.3.2.2 Results from the region of data that was fitted to a least squares linear 

fit to data that yielded a line having a slope approaching 0 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After background 

subtraction, the relative fluorescence intensities were plotted as a function of the number 

of particles for each individual experiment. The intercept of the least squares linear fits, 

that all had slopes approaching 0, were plotted for each type of particle. The intercept of 

negative control was 0 because of background subtraction. The relative magnitudes of 

intercepts of the least squares linear fit to the region of data fitted yielding lines having 

slopes approaching 0 were plotted as functions of mass ratio between LPS and carbon per 

particle, mass of LPS per particle and total mass of LPS plus carbon per particle 

respectively (Figure 3.35, Figure 3.36, Figure 3.37).  
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Figure 3.35  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 as a function of mass ratio between LPS and carbon 
per particle. Particles with ~340 pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of 
LPS plus carbon per particle were generated and deposited onto the cells.  Error bars represent the 
standard deviation of the intercept. 
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Figure 3.36  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 as a function of mass of LPS per particle. Particles 
with 0 pg LPS but ~1200 pg carbon (♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 
pg to 1000 pg carbon (+), 1000 pg to 1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg 
carbon  (x) per particle were generated and deposited onto the cells.  Error bars represent the 
standard deviation of the intercept. 
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Figure 3.37  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 as a function of total mass of LPS plus carbon per 
particle. Particles with 0% of LPS to total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to 
total mass (─), ~20% of LPS to total mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total 
mass ( ) and ~70% of LPS to total mass  (x) per particle were generated and deposited onto the cells. 
Error bars represent the standard deviation of the intercept. 
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3.7.3.3 Cropping of an individual cell from each image and background 

subtraction before fluorescence signal relative to positive control 

Although using previous methodologies, the trend could be seen when relative 

fluorescence intensities verses the number of deposited particles was plotted, the 

differences between test samples and negative control were small.   

In an effort to treat the results in a different manner, the brightest 28 μm by 28 μm 

square was cropped from each of the 9 pictures taken in array (Figure 3.38) prior to 

obtaining an average of the fluorescence intensities. Background subtraction (method 

shown in section 3.7.3.2) was then performed to set the negative control to 0%. The 

relative fluorescence intensity was plotted as a function of number of particles deposited 

onto the cells (Figure 3.39). It was observed that there were also two distinct regions able 

to be fitted with least squares linear regression lines: a region of positive slope, and a 

region of data points able to be fitted to a line which had a slope approaching 0. Because 

it was plotted in a different way, the magnitude of Y axis in figure 3.39 (~40%) was more 

extended than in figure 3.31 (~20%) and figure 3.23 (~10%), yet a similar trend as 

observed figure 3.31 and figure 3.23 was apparent.  
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Figure 3.38  Fluorescence images after ICAM-1 antibody staining to A549 cells. The brightest 28 μm 
by 28 μm square was cropped from Negative control (A), Positive control (B) and test sample (C) 
respectively.  Images were taken using an objective magnification of 40X.  
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Figure 3.39  Plot of the relative ICAM-1 antibody fluorescence intensity (after cropping ~ one cell 
and background subtraction) as a function of number of particles. Different numbers of particles 
containing 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres per particle were deposited onto the 
cells. ( ) ( ) (▲) indicate replicates. 
       

A B C 



65 

Again, two numbers were used to present ICAM-1 expressions: the magnitude of the 

slope of the least squares linear fit to the region of data fitted to a positive slope and the 

magnitude of the intercept of the least squares linear fit to the region of data fitted to a 

line having a slope approaching 0. 

3.7.3.3.1 Results from the region of positive slope of a least squares linear fit 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After cropping ~ one cell 

and background subtraction, the relative fluorescence intensities were plotted as a 

function of the number of particles for each individual experiment. The magnitude of the 

slope of the least squares linear fit to the region of data fitted to a positive slope from 

each type of particles were plotted as functions of mass ratio between LPS and carbon per 

particle, mass of LPS per particle and total mass of LPS plus carbon per particle 

respectively (Figure 3.40, Figure 3.41, Figure 3.42).  
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Figure 3.40  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass ratio between LPS and carbon per particle. Particles with ~340 
pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.41  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon 
(♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 
1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.42  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of total mass of LPS plus carbon per particle. Particles with 0% of LPS to 
total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total 
mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total 
mass  (x) per particle were generated and deposited onto the cells. Error bars represent the error of 
slopes. 
 

3.7.3.3.2 Results from the region of data that was fitted to a least squares linear 

fit to data that yielded a line having a slope approaching 0 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After cropping ~ one cell 

and background subtraction, the relative fluorescence intensities were plotted as a 

function of the number of particles for each individual experiment. The intercept of the 

least squares linear fits, that all had slopes approaching 0, were plotted for each type of 

particle. The intercept of negative control was 0 because of background subtraction. The 

relative magnitudes of intercepts of the least squares linear fit to these region of data were 

plotted as functions of mass ratio between LPS and carbon per particle, mass of LPS per 
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particle and total mass of LPS plus carbon per particle respectively (Figure 3.43, Figure 

3.44, Figure 3.45).  
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Figure 3.43  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 regions as a function of mass ratio between LPS 
and carbon per particle. Particles with ~340 pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) 
total mass of LPS plus carbon per particle were generated and deposited onto the cells. Error bars 
represent the standard deviation of the intercept. 
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Figure 3.44  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 as a function of mass of LPS per particle. Particles 
with 0 pg LPS but ~1200 pg carbon (♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 
pg to 1000 pg carbon (+), 1000 pg to 1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg 
carbon  (x) per particle were generated and deposited onto the cells. Error bars represent the 
standard deviation of the intercept. The equation of the least squares linear fit was y = 0.0002x + 
0.2249. 
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Figure 3.45  Plot of the relative magnitude of intercept of the least squares linear fit to the region of 
data fitted to a line having a slope approaching 0 as a function of total mass of LPS plus carbon per 
particle. Particles with 0% of LPS to total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to 
total mass (─), ~20% of LPS to total mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total 
mass ( ) and ~70% of LPS to total mass  (x) per particle were generated and deposited onto the cells. 
Error bars represent the standard deviation of the intercept. The equation of the least squares linear 
fit was y = 0.00008x + 0.2312. 

3.7.3.3.3 Other observations using these image processing methodologies  

3.7.3.3.3.1 Same particle composition with different incubation period 

A549 cells were cultured in centre-well organ dishes and dosed with different 

numbers of particles containing 50 pg LPS and 290 pg carbon per particle and incubated 

in incubator with 250 μL SFM. Cells were incubated for 24, 48 or 72 hours before fixed 

and stained with ICAM-1 fluorescence antibodies. After cropping ~ one cell and 

background subtraction, the relative fluorescence intensities were plotted as a function of 

number of particles (Figure 3.46). The data from different incubation periods followed 

the same trend as previously observed (eg. similar to figure 3.15 MALDI-TOF-MS’s 

data), which is different incubation periods did not affect the cellular responses as long as 

cells were dosed with the same composition of particles. 
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Figure 3.46  Plot of the relative ICAM-1 antibody fluorescence intensity (after cropping ~ one cell 
and background subtraction) as a function of number of particles. A549 cells were cultured in 
centre-well organ dishes and dosed with different numbers of particles containing 50 pg LPS and 290 
pg carbon per particle and incubated in incubator with 250 μL SFM for 24 (♦), 48 ( ) and 72 (▲) 
hours before fixed and stained with ICAM-1 fluorescence antibodies.  
 

3.7.3.4 Establishing a threshold to do background subtraction 

The previous sections introduced a background subtraction methodology, which was 

to subtract the fluorescence signals of negative control from the fluorescence signals of 

both positive control and test samples. In this section, a different background subtraction 

method was examined. 

The fluorescence signals from negative control and cells dosed with particles 

containing LPS and carbon were calculated by Image J. 0 to 255 levels were used to 

express fluorescence signal intensities. The number of pixels was plotted as a function of 

fluorescence intensity levels (Figure 3.47). It was observed that negative controls had 

only one peak at lower than level 20 while samples with particles had two peaks with one 

close to but higher than the peak of negative controls and the other one at about level 100.  
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Figure 3.47  Plot of number of pixels as a function of fluorescence intensity level. A fluorescence 
image of negative controls (-) and a fluorescence image of cell cultures dosed with particles 
containing 770 pg LPS, 370 pg carbon and 6 pg FluoSpheres per particle (+) were used.  
 

If the peak of negative control could be avoided when doing integration, the results 

from negative control would be 0. A method to do background subtraction was to 

establish a threshold when doing integration in replacement of integrating from level 0 to 

level 255.  

3.7.3.4.1 Establishing a threshold at level 66 

A threshold of level 66 was established since it was the level that most negative 

control plots became 0 and therefore the integration from level 67 to level 255 of 

negative control was close to 0. The fluorescence image from cells dosed with particles 

was also integrated from level 67 to level 255. Absolute fluorescence signal intensity was 

plotted as a function of number of particles deposited onto the cells (Figure 3.48). It was 

observed that there were also two distinct regions able to be fitted with least squares 

linear regression lines: a region of positive slope, and a region of data points able to be 

fitted to a line which had a slope approaching 0. But the data points were scattered more 

than other image processing methodologies. 
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Figure 3.48 Plot of absolute ICAM-1 antibody fluorescence intensity (after establishing a threshold of 
level 66) as a function of number of particles. Different numbers of particles containing 1570 pg LPS, 
2200 pg carbon and 6 pg FluoSpheres per particle were deposited onto the cells. ( ) ( ) (▲) indicate 
replicates. 
 

Again, two numbers were used to present ICAM-1 expressions: the magnitude of the 

slope of the least squares linear fit to the region of data fitted to a positive slope and the 

magnitude of the intercept of the least squares linear fit to the region of data fitted to a 

line having a slope approaching 0. 

3.7.3.4.1.1 Results from the region of positive slope of a least squares linear fit 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After establishing a 

threshold of level 66, the absolute fluorescence intensities were plotted as a function of 

the number of particles for each individual experiment. The magnitude of the slope of the 
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least squares linear fit to the region of data fitted to a positive slope from each type of 

particles were plotted as functions of mass ratio between LPS and carbon per particle, 

mass of LPS per particle and total mass of LPS plus carbon per particle respectively 

(Figure 3.49, Figure 3.50, Figure 3.51).  
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Figure 3.49  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass ratio between LPS and carbon per particle. Particles with ~340 
pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.50  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon 
(♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 
1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.51  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of total mass of LPS plus carbon per particle. Particles with 0% of LPS to 
total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total 
mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total 
mass  (x) per particle were generated and deposited onto the cells. Error bars represent the error of 
slopes. 
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3.7.3.4.1.2 Results from the region of data that was fitted to a least squares linear fit to 

data that yielded a line having a slope approaching 0 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After establishing a 

threshold of level 66, the absolute fluorescence intensities were plotted as a function of 

the number of particles for each individual experiment. The intercept of the least squares 

linear fits, that all had slopes approaching 0, were plotted for each type of particle. The 

absolute magnitudes of intercepts of the least squares linear fit to the region of data fitted 

to a line having a slope approaching 0 were plotted as functions of mass ratio between 

LPS and carbon per particle, mass of LPS per particle and total mass of LPS plus carbon 

per particle respectively (Figure 3.52, Figure 3.53, Figure 3.54).  
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Figure 3.52  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of mass ratio between LPS and carbon per 
particle. Particles with ~340 pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS 
plus carbon per particle were generated and deposited onto the cells. Error bars represent the 
standard deviation of the intercept. 
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Figure 3.53  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of mass of LPS per particle. Particles with 
0 pg LPS but ~1200 pg carbon (♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 
1000 pg carbon (+), 1000 pg to 1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg 
carbon  (x) per particle were generated and deposited onto the cells. Error bars represent the 
standard deviation of the intercept. 
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Figure 3.54  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of total mass of LPS plus carbon per 
particle. Particles with 0% of LPS to total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to 
total mass (─), ~20% of LPS to total mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total 
mass ( ) and ~70% of LPS to total mass  (x) per particle were generated and deposited onto the cells. 
Error bars represent the standard deviation of the intercept. 
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3.7.3.4.2 Establishing a threshold at level 22 

From figure 3.47, it was observed that although negative controls were not exactly 0, 

they were closed to 0 from level 22. It was also observed that cells dosed with particles 

had more pixels than negative control in the region from level 22 to level 66. Therefore, 

if the threshold was established at level 66, some information may be lost. A threshold of 

level 22 was established in replacement of level 66. The fluorescence image was 

integrated from level 23 to level 255. Absolute fluorescence signal intensity was plotted 

as a function of number of particles deposited onto the cells (Figure 3.55). It was 

observed that there were also two distinct regions able to be fitted with least squares 

linear regression lines: a region of positive slope, and a region of data points able to be 

fitted to a line which had a slope approaching 0. In addition, the data points were less 

scattered as compared to figure 3.48. 
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Figure 3.55 Plot of absolute ICAM-1 antibody fluorescence intensity (after establishing a threshold of 
level 22) as a function of number of particles. Different numbers of particles containing 1570 pg LPS, 
2200 pg carbon and 6 pg FluoSpheres per particle were deposited onto the cells. ( ) ( ) (▲) indicate 
replicates. 
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Again, two numbers were used to present ICAM-1 expressions: the magnitude of the 

slope of the least squares linear fit to the region of data fitted to a positive slope and the 

magnitude of the intercept of the least squares linear fit to the region of data fitted to a 

line having a slope approaching 0. 

3.7.3.4.2.1 Results from the region of positive slope of a least squares linear fit 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After establishing a 

threshold of level 22, the absolute fluorescence intensities were plotted as a function of 

the number of particles for each individual experiment. The magnitude of the slope of the 

least squares linear fit to the region of data fitted to a positive slope from each type of 

particles were plotted as functions of mass ratio between LPS and carbon per particle, 

mass of LPS per particle and total mass of LPS plus carbon per particle respectively 

(Figure 3.56, Figure 3.57, Figure 3.58).  
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Figure 3.56  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass ratio between LPS and carbon per particle. Particles with ~340 
pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS plus carbon per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 
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Figure 3.57  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of mass of LPS per particle. Particles with 0 pg LPS but ~1200 pg carbon 
(♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 1000 pg carbon (+), 1000 pg to 
1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg carbon  (x) per particle were 
generated and deposited onto the cells.  Error bars represent the error of slopes. 



80 

-10000

0

10000

20000

30000

40000

50000

60000

0 500 1000 1500 2000 2500 3000 3500 4000

Total Mass of (LPS + Carbon) per Particle (pg)

Sl
op

e

 
Figure 3.58  The magnitude of the slope of the least squares linear fit to the region of data fitted to a 
positive slope as a function of total mass of LPS plus carbon per particle. Particles with 0% of LPS to 
total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to total mass (─), ~20% of LPS to total 
mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total mass ( ) and ~70% of LPS to total 
mass  (x) per particle were generated and deposited onto the cells. Error bars represent the error of 
slopes. 
 

3.7.3.4.2.2 Results from the region of data that was fitted to a least squares linear fit to 

data that yielded a line having a slope approaching 0 

A549 cells were cultured in centre-well organ dishes and dosed with different 

compositions of particles containing LPS and carbon and incubated for 24 hours before 

being fixed and stained with ICAM-1 fluorescence antibodies. After establishing a 

threshold of level 22, the absolute fluorescence intensities were plotted as a function of 

the number of particles for each individual experiment. The intercept of the least squares 

linear fits, that all had slopes approaching 0, were plotted for each type of particle. The 

absolute magnitudes of intercepts of the least squares linear fit to the region of data fitted 

to a line having a slope approaching 0 were plotted as functions of mass ratio between 
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LPS and carbon per particle, mass of LPS per particle and total mass of LPS plus carbon 

per particle respectively (Figure 3.59, Figure 3.60, Figure 3.61).  

-500000

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

4000000

4500000

5000000

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Mass Ratio [ LPS /(LPS+Carbon) ]

In
te

rc
ep

t

 
Figure 3.59  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of mass ratio between LPS and carbon per 
particle. Particles with ~340 pg (♦), ~1200 pg ( ), ~2400 pg (▲) and ~3700 pg (x) total mass of LPS 
plus carbon per particle were generated and deposited onto the cells. Error bars represent the 
standard deviation of the intercept. 
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Figure 3.60  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of mass of LPS per particle. Particles with 
0 pg LPS but ~1200 pg carbon (♦), 0 pg carbon but ~1200 pg LPS  ( ), < 500 pg carbon (─), 500 pg to 
1000 pg carbon (+), 1000 pg to 1500 pg carbon (▲), 1500 pg to 2000 pg carbon ( ) and ~2200 pg 
carbon  (x) per particle were generated and deposited onto the cells. Error bars represent the 
standard deviation of the intercept. 
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Figure 3.61  Plot of absolute magnitude of intercept of the least squares linear fit to the region of data 
fitted to a line having a slope approaching 0 as a function of total mass of LPS plus carbon per 
particle. Particles with 0% of LPS to total mass (♦), 100% of LPS to total mass ( ), ~15% of LPS to 
total mass (─), ~20% of LPS to total mass (+), ~40% of LPS to total mass (▲), ~60% of LPS to total 
mass ( ) and ~70% of LPS to total mass  (x) per particle were generated and deposited onto the cells. 
Error bars represent the standard deviation of the intercept. 
 

3.7.3.5 Discussion  

Five different methodologies were used to process the images of ICAM-1 antibody 

fluorescence intensities. The resultant data were plotted as a function of number of 

particles showed in the above sections. It was observed that there were two distinct 

regions in all of the plots that able to be fitted with least squares linear regression lines: a 

region of positive slope, and a region of data points able to be fitted to a line which had a 

slope approaching 0 (eg. figure 3.39). Therefore, the magnitude of the slope of the least 

squares linear fit to the region of data fitted to a positive slope and the magnitude of the 

intercept of the least squares linear fit to the region of data fitted to a line having a slope 

approaching 0 were used to present ICAM-1 expression levels respectively. It was 

observed that the shapes of the plots from the five different image processing 

methodologies were similar. The only difference was the dynamic range of Y axis. The 
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reason why the resultant data were parted to two distinct regions remains unknown. I 

speculate that the cells rapidly reach to their highest ICAM-1 response to one specific 

type of particle. In the region of data points that able to be fitted to a line with a slope 

approaching 0, when the number of particles increased, the cells would not bother 

express more ICAM-1. But if the type of particle was changed, the cells would rapidly 

reach to a new highest ICAM-1 response to that new specific type of particle. 

Since the purpose of this study was to learn what was more important in affecting 

cellular responses, three factors were monitored: mass ratio between LPS and carbon per 

particle, mass of LPS per particle and total mass of LPS plus carbon per particle. By 

observing the region of positive slope (eg. figure 3.40, figure 3.41, figure 3.42), there was 

no obvious trend from any of these three factors. It was concluded that these three factors 

did not affect the region of positive slope. It was also concluded that the different LPS 

plus carbon particle compositions did not affect this region. However, there were not 

many data points collected in this region, which may contribute the large scatter in the 

data, with points for similar x axis numbers frequently not agreeing within experimental 

error.  

By observing the magnitude of intercept of the least squares linear fit to the region 

of data fitted to a line having a slope approaching 0, the plot with mass ratio between LPS 

and carbon per particle had two distinct regions able to be fitted with least squares linear 

regression lines: a region of positive slope, and a region of data points able to be fitted to 

a line which had a slope approaching 0 (eg. figure 3.43). It was concluded that in a low 

mass ratio, increasing the ratio of LPS would increase the ICAM-1 expressions however 

after passing a certain mass ratio, ICAM-1 expressions were no longer related to the mass 
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ratio, or even can be observed decreasing when increasing the mass ratio. Both the plots 

with mass of LPS per particle and total mass of LPS plus carbon per particle could be 

fitted with least squares linear regression lines with a positive slope (eg. figure 3.44, 

figure 3.45). It was concluded that if the mass of carbon was kept relatively the same, 

increasing the mass of LPS per particle could increase the ICAM-1 expressions. If the 

mass ratio was kept relatively the same, increasing the total mass of the particle could 

also increase the ICAM-1 expressions. Therefore, both the mass of LPS per particle and 

the total mass of the particle could affect the ICAM-1 expressions. Increasing either of 

them could increase the ICAM-1 expressions. 

3.8 Other observations of ICAM-1 and CXCL-5 expression 

Previous studies indicated the ICAM-1 results from antibody assays and the CXCL-

5 results from MALDI-TOF-MS were consistent. LPS is an activator of neutrophils [108], 

and CXCL-5 is chemokine that can recruit neutrophils [109], ICAM-1 is known as an 

adhesion molecule that can bind with neutrophils to assist in their movement from the 

blood to the inflammation sites [25, 110]. Both ICAM-1 and CXCL-5 could be regulated 

by transcription factor nuclear factor κB (NF-κB) [27, 37] and NF-κB could be activated 

by LPS [111]. Therefore, ICAM-1 results and CXCL-5 results agreed with each other 

when the cells were incubated with particles containing LPS and carbon. However, 

whether ICAM-1 and CXCL-5 expressions still have correlations under other conditions 

(eg. cell death) remains unknown. To address this question, A549 cells were dried to 

death intentionally. ICAM-1 and CXCL-5 were monitored relative to the negative control. 

A549 cells were grown to approximately 90% or more confluence on an 18 mm × 

18 mm glass coverslip in a 6-well plate. Growth medium was aspirated with a water 
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faucet driven vacuum aspirator. Cells were incubated for 24 hours with no medium added 

during the incubation period. Therefore, these cells were not viable after the incubation 

period because of lack of moisture (described in section 3.4.1.2). The negative control 

was as per all steps of the procedure described above except that instead of no medium 

added, 200 μL SFM was immediately added to the cell culture after growth medium was 

aspirated. Cells in a negative control were therefore viable after the incubation period. 

The supernatant of a negative control was collected and 200 μL SFM was used to wash 

the surface of the dried cells and collected as its supernatant. Both supernatants were 

monitored using MALDI-TOF-MS (Figure 3.62). ICAM-1 antibody assays were 

performed on both samples and images were taken using an inverted fluorescence 

microscope (Figure 3.62).  

 

Figure 3.62  ICAM-1 antibodies fluorescence images (on the left) and MALDI-TOF mass spectra of 
the supernatants (on the right) of A549 cell cultures. Red colour represented ICAM-1 expressions. 
Cells were grown to approximately 90% or more confluence on an 18 mm × 18 mm glass coverslip in 
a 6-well plate. Growth medium was aspirated with a water faucet driven vacuum aspirator. 0 μL (B) 
or 200 μL (A) SFM was immediately added to the cell culture. Cells were then incubated for 24 hours. 
Supernatants were collected for MALDI-TOF-MS analysis and CXCL-5 was monitored. Cells were 
stained with ICAM-1 antibodies. Fluorescence images were taken using an objective magnification of 
40X. 

A 

B 
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Figure 3.62 indicated that both the dead cells and the negative control did not secrete 

CXCL-5, however the ICAM-1 expression from the dead cells was much stronger than 

the negative control and it was effected by every single cell. Therefore, the ICAM-1 and 

CXCL-5 expression levels do not always agree with each other in this cell line. I 

suspected that it may because ICAM-1 could be regulated by some mediator other than 

the one which could regulate both ICAM-1 and CXCL-5. There was also a possibility 

that when cells were drying out, the cell membrane was destroyed and the biomolecules 

that used to be inside the cells came out and the strong signal intensities of those 

biomolecules suppressed the signal intensity of CXCL-5. 

3.9 Entire procedure of the optimized methodology 

3.9.1 Chemicals preparing 

3.9.1.1 Growth medium 

F-12K Medium was prepared from F-12K medium powder (Sigma-Aldrich, N3520-

10X1L, Oakvillle, ON, Canada) according to instructions provided by the supplier. 11.1 g 

F-12K powder and 2.5 g sodium bicarbonate (NaHCO3) were added to 900 mL of 15-20 

ºC Milli-Q water while gently stirring the water. The desired pH for cell culture was 7.0-

7.6. Since filtration may raise the pH by 0.1-0.3, the pH was adjusted to 7.2 using 1N 

sodium hydroxide (NaOH) or 1N hydrochloric acid (HCl) while stirring. The solution 

was filtered in a sterile biological safety cabinet with a 0.22 microns filter (Nalge Nunc 

International Corp., 291-4520, Rochester, NY, USA) and dispensed into a sterile 

container followed by adding 100 mL FBS to the solution making the final volume to 1 L.  
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3.9.1.2 SFM 

SFM contained everything found in the growth medium except the last 100 mL. 

Instead of FBS, 0.22 microns filtered Milli-Q water was added to the solution. 

3.9.1.3 Cryoprotectant medium 

Cryoprotectant medium was prepared by adding 1 mL of Dimethyl sulfoxide 

(DMSO) to 9 mL of growth medium. 

3.9.1.4 TNF-α solution 

10 μg TNF-α powder was dissolved in 1 mL 0.22 microns filtered Milli-Q water 

making the final concentration 10 μg/mL and stored at -80 ºC. To avoid repeated freezing 

and thawing, each 100 μL aliquot was stored in separated autoclaved micro centrifuge 

vials.    

3.9.1.5 0.01M (1X) PBS solution 

Ten PBS tablets (Oxoid Limited, BR0014G, Basingstoke, Hampshire, UK), in total 

containing 8.0 g sodium chloride (NaCl), 0.2 g potassium chloride (KCl), 1.15 g 

disodium hydrogen phosphate (Na2HPO4) and 0.2 g potassium dihydrogen phosphate 

(KH2PO4), were dissolved in 1 L of Milli-Q water and autoclaved for 10 minutes at 

115°C or filtered with a 0.22 microns filter to be sterile. The PBS solution mentioned in 

the whole thesis was 1X PBS solution.  

3.9.1.6 4% (w/v) PFA/PBS (pH 7.4) solution 

4 g PFA powder (Polysciences Inc., 00380-1, Warrington, PA, USA) was dissolved 

in 80 mL PBS solution and a small volume (about 1 mL) of 1 N NaOH at 60 ºC or lower 
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with stirring [112]. pH of the solution was adjusted to 7.4 with 1 N HCl. A final volume 

of 100 mL was obtained by adding PBS solution. The solution was filtered with a 0.22 

micrometer syringe filter and stored at -20 ºC for further fixation use.  

3.9.1.7 Diluted antibody solution 

1% (w/v) BSA/PBS solution was prepared by adding 1 g BSA powder to 100 mL 

PBS solution and stored at 4 ºC for primary antibody dilution. 2 μL of 0.2 mg/mL 

primary antibody (mouse anti-human ICAM-1 antibody) (Invitrogen Canada Inc., 

MHCD5400, Burlington, ON, Canada) was added to 200 μL 1% (w/v) BSA/PBS solution 

for each cell culture’s staining.  

2 μL of 2 mg/mL secondary antibody (fluorescence goat anti-mouse IgG antibody) 

was added to 200 μL PBS solution for each cell culture’s staining.  

According to the instruction by the supplier, the diluted antibody solution was to be 

fresh made every time, or at most, stored for one week maximum at 4 ºC.       

3.9.2  Cell culture 

3.9.2.1 Start from frozen cells 

In an effort to avoid excessive alkalinity of the medium, a 100 mm × 20 mm cell 

culture dish (BD Falcon, 353003, Mississauga, ON, Canada) with 10 mL growth medium 

was placed into the incubator (with 5% CO2) for 15 minutes to allow the medium to reach 

its normal pH. Each vial containing frozen cells was thawed by bathing in a 37 ºC water 

bath for approximately 2 minutes. The vial was sprayed with 70% ethanol and all of the 

operations from this point on were carried in a sterile biological safety cabinet. Thawed 

suspension was added into the cell culture dish with the 10 mL pre-warmed medium. The 



89 

culture dish was shaken to make the cell pellets evenly suspended prior to incubation in 

the incubator until the cells attached to the growth surface (approximately 4 hours). 

Culture medium was removed and discarded since the cryoprotectant medium containing 

DMSO was harmful to cells. 10 mL of fresh growth medium was added to the cell culture 

dish. 

3.9.2.2 Subculturing cells 

Cell passage was performed when cells reached 80% confluence or more and it was 

performed in a biological safety cabinet with sterilizing the area with 70% ethanol. 

Culture medium was removed and discarded. 4 mL 37 ºC PBS solution was used to 

briefly rinse the cell layer and to remove Ca2+ and Mg2+ that were needed for cell 

attachment to the surface [113, 114], and the rinse also removed the serum in the growth 

medium which contained trypsin inhibitor. 1 mL 37 ºC 0.05% (w/v) (1X) 

Trypsin/EDTA•4Na (Invitrogen Canada Inc., 25300-112, Burlington, ON, Canada) 

solution was then added to the culture dish and incubated for no more than 5 minutes. 

Trypsin was a protease that could cleave the adhesion proteins that kept the cells on the 

surface [115]. Cells were observed under an inverted microscope every 2 minutes until 

the cell layer was dispersed and cells were observed to be round in appearance. Rocking 

back and forth, or knocking the culture plate against a table slightly could help the cells 

detach from the plate. 5 mL growth medium was added to the culture dish and the 

suspension was transferred into a 15 mL capped centrifuge tube (Corning, 430791, 

Lowell, MA, USA) and centrifuged at rcf of 1000 g for 2 minutes to spin down the cell 

pellets. The supernatant was removed and discarded. The cell pellets were resuspended 

with 6 mL of growth medium. A certain volume of suspension (dependent on the time I 
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wanted the cells to be 80% confluence and the percentage confluence of the previous 

passage) was added to a new cell culture dish containing 8 mL of 37 ºC fresh growth 

medium for passage, or to a new centre-well organ culture dish (BD Falcon, 353037, 

Mississauga, ON, Canada) containing 1 mL of 37 ºC fresh growth medium for study of 

dosing cells with particles. Culture dishes were shaken to make cells evenly suspended in 

the dishes. According to the instruction by ATCC, A549 cell line’s doubling time was 22 

hours and the recommended subculture ratio was 1:3 to 1:8. Culture dishes were 

incubated in 5% CO2 at 37 ºC and 100% humidity incubator. If not passed, cells were fed 

by removing and discarding the culture medium and adding 10 mL 37 ºC fresh growth 

medium two or three times per week.  

3.9.2.3 Storing cells 

The procedure for storing cells were the same as subculturing cells until the step of 

cell resuspension. Instead of adding 6 mL of growth medium, 1 mL of cryoprotectant 

medium was added to resuspend the cell pellets. The 1 mL suspension was transferred to 

a 2 mL cryogenic vial (VWR, 16001-102, Mississauga, ON, Canada). In an effort to 

avoid reducing viability of the cells, the resuspending and transferring steps were 

performed quickly (approximately 2 minutes). The cryogenic vial was immediately 

placed in a -80 ºC fridge for 15 hours and then transferred into a liquid nitrogen tank for 

further storage.  

3.9.3 Particle generation and deposition onto lung cells in vitro 

Cells were grown to approximately 90% or more confluence in a centre-well organ 

culture dish. 2 mL of 0.22 microns filtered Milli-Q water was added in the moat of the 
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dish. With a population of particles generated and levitated using an EDLT (as described 

in chapter 2), the culture medium was removed and discarded with a 1000 μL pipettor by 

tilting the dish to ~45° followed by aspirating 1000 μL each time until no more medium 

was able to be aspirated by the pipettor. 60 μL fresh SFM was gently added into the 

culture drop by drop to the centre of the culture while SFM could be seen spreading to 

the whole culture. The cell culture was immediately placed on the bottom electrode under 

the AC trap. The particles were then deposited from the AC trap directly onto the cell 

culture. If multiple populations of particle depositions were needed, the total time from 

removing medium to the end of the particle deposition step was no more than 5 minutes. 

Cell culture was then centrifuged at rcf of 1200 g for 1 minute and 190 μL additional 

fresh SFM was added slowly into the culture dish against the wall. Cell culture was then 

incubated in the incubator with 5% CO2 at 37 ºC and 100% humidity for 24 hours 

incubation period.    

The negative control was cell cultures grown to approximately 90% or more 

confluence in a centre-well organ culture dish that followed all steps of the procedure 

described above except deposition of the particles. The positive control was cell cultures 

grown to approximately 90% or more confluence in a centre-well organ culture dish 

bathed in 240 μL of SFM with 10 μL of TNF-α solution (concentration of TNF-α added = 

400 ng/mL, total moles TNF-α added = 5.9 pmol) and incubated for 24 hours incubation 

period. 

Trypan blue assay was performed to one random culture after a 24 hours incubation 

period by removing and discarding the culture SFM and briefly rinsing with PBS solution 

prior to adding 50 μL 0.4% (w/v) trypan blue solution and swirling to even. Trypan blue 
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solution was removed and discarded after 5 minutes. The culture was rinsed with PBS 

solution and observed with an inverted microscope. Blue colour cells were none viable 

and transparent colour cells were viable.  

3.9.4 Collection of the Supernatant and MALDI-TOF-MS sample 

preparation and data acquisition 

After a 24 hours incubation period, 20 μL supernatant was collected. The 

supernatant was stored in a micro-centrifuge tube at -20 ºC until analysis. 

A C18 ZipTip was used to purify and concentrate the biomolecules in the supernatant. 

ZipTip was a 10 µL pipette tip with a small amount of chromatography media fixed at the 

end with no dead volume. 5 μL of 10 μg/mL lysozyme was added into the 20 μL 

supernatant as internal standard. 6.5 μL of 2.5% (v/v) trifluoroacetic acid (TFA) was 

added into the supernatant to acidify the supernatant. The final TFA concentration was 

0.5% at a pH of <4. According to the instruction by the supplier, the pipettor for ZipTip 

was used by fully depressing the pipettor plunger to a dead stop using a volume setting of 

10 μL. Wetting solution, ACN, was aspirated into the ZipTip and dispensed to waste 

twice without introducing air into the tip. Washing solution, 0.1% (v/v) TFA in Milli-Q 

water, was then aspirated into ZipTip and dispensed to waste twice without introducing 

air into the tip to equilibrate the ZipTip. The biomolecules were retained on the Ziptip’s 

stationary phase by aspirating and dispensing the supernatant for 10 cycles without 

introducing air into the tip. Washing solution was then aspirated and dispensed to waste 

twice again without introducing air into the tip. The elution solution was prepared by 

adding excess SA powder into 50 μL ACN with 50 μL 0.1% (v/v) TFA mixture solution 

to make SA saturate. Followed a centrifugation at rcf of 2000 g for 5 minutes, the 
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supernatant without solid SA was used for elution. ZipTip was aspirated and dispensed 5 

cycles in a 4 μL elution solution without introducing air. The 4 μL elution solution was 

directly transferred onto a sample well of a stainless steel MALDI plate. MALDI-TOF-

MS was operated with a nitrogen laser with a wavelength of 337 nm. The software used 

for MALDI-TOF-MS was MassLynx. The instrument was operated in positive ion linear 

mode with a sampling rate of 5 ns and a time lag focusing (TLF) delay of 500 ns. The 

micro-channel plate detector voltage (MCP) was at 1850 V. The matrix suppression delay 

was at 1009 mass units. The source voltage was at 15000 V and the pulse voltage was at 

1400 V. Spectral profiles were collected in the mass range 5000 – 18000 Da, acquiring 5 

shots per spectrum at a laser firing rate of 5 Hz. 60 spectra from random spots were 

collected for each sample. Standards were 1 μL 1 mg/mL myoglobin from equine heart 

(Sigma-Aldrich, M1882-1G, Oakvillle, ON, Canada) with exact mass of 16951.49 Da 

[116] and 1 μL 1 mg/mL cytochrome c from equine heart (Sigma-Aldrich, C7752-50MG, 

Oakvillle, ON, Canada) with exact mass of 12384 Da with 2 μL saturated SA in 

ACN/TFA solution directly dispensed onto a sample well of the MALDI target plate.  

3.9.5 MALDI-TOF-MS data processing 

MALDI-TOF-MS data processing was performed with MassLynx software. The 60 

spectral profiles collected for each sample were combined. This process enhanced mass 

accuracy and produced a more reproducible spectrum for the sample [117]. The 

combined spectrum was calibrated with the two standards masses. It was background 

subtracted using a polynomial order of 5, 20% below the curve and smoothed with a 

Savitzky-Golay algorithm by setting to 20 channels once. To compare the data, the 
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relative abundance of every ion in a spectrum was normalized to the abundance of the 

internal standard ion signal intensity.  

3.9.6 Immunocytochemistry assay 

After the collection of supernatant, the cells in the centre-well organ culture dish 

were rinsed with PBS solution twice and fixed with 200 μL 37 ºC 4% (w/v) PFA/PBS 

(pH 7.4) solution for 20 minutes at room temperature for each culture. Cells were rinsed 

with PBS solution for three times (each time with ~1 mL PBS solution) prior to adding 

200 μL room temperature serum-free protein block (DakoCytomation Inc., X0909, 

Carpinteria, CA, USA) to each culture for 20 minutes. Protein block was to reduce non-

specific stainings [118, 119]. 200 μL room temperature primary antibody was added to 

each culture directly after removing and discarding the protein block without rinsing. The 

staining period was 1 hour at room temperature. Cells were rinsed with PBS solution 

three times by adding and removing ~1 mL PBS solution each time. The second rinsing, 

PBS solution was retained with cells for 5 minutes at room temperature before being 

removed. 200 μL room temperature secondary antibody was added to cells and the 

staining period was 30 minutes at room temperature in dark. Cells were then rinsed with 

PBS solution for three times by adding and removing ~1 mL PBS solution each time. The 

second rinsing, PBS solution was retained with cells for 1 hour at room temperature in 

dark before being removed. ~1 mL of PBS solution was added to each culture prior to 

storing cells at 4 ºC until analysis. According to the instructions by the supplier of the 

immunocytochemistry reagents, the cells were to be analyzed within 18 hours of staining.  
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3.9.7 Image from fluorescence microscopy and data analysis 

An inverted fluorescence microscope with an Epi-FI filter block was used for 

observing and capturing images of the fluorescently labeled cell cultures. In section 3.7.3, 

five data process methodologies were compared. Since the results from the five 

methodologies were similar, one method with the largest dynamic range of Y axis was 

selected for use in the studies described in chapter 4 and 5. 9 pictures were taken in array. 

The brightest 28 μm by 28 μm square (about one cell big) was cropped from each of the 9 

pictures. The intensity of the fluorescence emission in the cropped image was calculated 

using Image J software and integrated using Excel by multiplying intensity by the 

number of pixels with that intensity and summing all the products. The average of the 9 

intensities for each culture relatives to positive control was expressed as a percentage. A 

background subtraction was performed to set the negative control to 0% prior to plotting 

relative fluorescence intensities as a function of the numbers of particles deposited.  
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Chapter 4 Adjuvant Potential 

4.1 Introduction 

Adjuvants are agents used in vaccines because it has been observed to increase the 

immune response leading to improved vaccine efficacy [120-122]. Adjuvants are defined 

as “agents that act non-specifically to increase the specific immune response or responses 

to an antigen” in dictionary of immunology [120, 121]. From the website of the U.S. 

National Cancer Institute, a vaccine adjuvant is defined as “a substance added to a 

vaccine to improve the immune response so that less vaccine is needed”. Adjuvants have 

been used from the 1920s [122, 123], however the mechanisms of how they work are 

poorly understood [120, 124-128]. The immune response is composed of two branches: 

cell-mediated immunity (CMI) and humoral immunity [129, 130]. T helper type 1 (Th1) 

cells lead to CMI responses [120, 122, 131], while T helper type 2 (Th2) cells lead to 

humoral immune responses [120, 122, 127, 131-134]. 

Studies have demonstrated that aluminum salts used as adjuvants to activate Th2 

cells [120, 122, 127, 131-134], while LPS is an adjuvant in activating Th1 cells [120, 122, 

131]. One recent study has concluded that mixing LPS and an aluminum salt, added to 

act as an adjuvant, can impair Th2-mediated allergic responses while not inducing a Th1 

pattern of inflammation [131]. Other studies have investigated this further and concluded 

that the toxicity is reduced if the LPS is adsorbed to aluminum-containing adjuvant in the 

vaccine [126, 135-137]. Some studies have demonstrated that blocking ICAM-1 and its 

ligand LFA-1 interaction can increase Th2 cytokines secretion and suppress Th1 

cytokines. Other studies have concluded that Th2 cytokines can induce ICAM-1 
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expression [138, 139], which suggests a correlation between ICAM-1 expression and Th2 

responses. (Th2 cytokines are low molecular weight proteins, such as Interleukin 4 (IL-4), 

Interleukin 5 (IL-5) and Interleukin 10 (IL-10), which are produced by Th2 cells [140-

142]. Th1 cytokines are low molecular weight proteins, such as Interferon gamma (IFN-γ) 

and Interleukin 2 (IL-2), which are produced by Th1 cells [141, 142].) 

Many studies have demonstrated that soluble forms of transition metals, a class of 

compounds of ambient particles, are responsible for effecting lung cell injury and 

inflammation in animals [61, 143-149]. Although as a class, transition metals have 

similar properties to each other, their different physical and chemical behavior effects 

different degrees of pulmonary inflammation [61, 145-147]. Several studies conclude that 

Ottawa dust of Environmental Health Centre-93 (EHC-93), which contain numerous 

transition metals [150], has adjuvant activity [56, 151, 152]. One of these studies 

concluded that EHC-93 was an equally potent adjuvant as alum for the production of 

specific antibodies when mice were immunized with a specific vaccine [152].  

Studies have shown that although sodium salts themselves have low potential to 

cause lung irritation in animals [146, 153], when they are mixed with other compositions, 

they can cause higher lung cell responses [50, 153]. Sodium is also found in EHC-93 

[150].  

In this chapter, I made an attempt to study the adjuvant potential in a different aspect: 

ICAM-1 expression and CXCL-5 expression were monitored as opposed to the more 

commonly monitored Th2 cell and Th2 cytokine responses and expression levels 

respectively. Aluminum hydroxide Al(OH)3, a commonly used adjuvant in vaccines [120, 

122, 125-127, 131], together with two transition metal salts: Zinc (Zn) and Nickel (Ni), 
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and one sodium salt, were investigated for their potential to effect a cellular response by 

monitoring ICAM-1 expression using the methodology developed in chapter 3. Each of 

these metals are present in EHC-93, and EHC-93 has been shown to induce pulmonary 

inflammation in animals [61, 147].  

4.2 Experimental 

4.2.1 A549 cells incubated with different particles 

4.2.1.1 A549 cells incubated with Al(OH)3 gel and particles containing LPS plus 

carbon 

A549 cells were grown to approximately 90% or more confluence in centre-well 

organ culture dishes. Different numbers of particles containing 1570 pg LPS, 2200 pg 

carbon and 6 pg FluoSpheres per particle were deposited onto the cells as per all steps of 

the procedure described in section 3.9.3, except that the SFM was replaced with SFM 

containing 5 μg/mL Al(OH)3 gel (Sigma-Aldrich, A8222, Oakvillle, ON, Canada) [154]. 

The negative control and positive controls were as per the steps of the procedure 

described in section 3.9.3. Two more controls were used in this study. One control was as 

per the same steps of the procedure as negative control except that the SFM was replaced 

with SFM containing 5 μg/mL Al(OH)3 gel. The other control was cell cultures dosed 

with different numbers of particles containing LPS plus carbon as described above and 

incubated in SFM without Al(OH)3 gel. 
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4.2.1.2 A549 cells incubated with particles containing nickel nitrate (Ni(NO3)2) 

A549 cells were grown to approximately 90% or more confluence in centre-well 

organ culture dishes. Different numbers of particles containing 1550 pg LPS, 2180 pg 

carbon, 1 pg  Ni(NO3)2 and 6 pg FluoSpheres per particle were deposited onto the cells as 

per all steps of the procedure described in section 3.9.3. The negative control and positive 

controls were as per the steps of the procedure described in section 3.9.3. One more 

control was used in this study. The control was cell cultures grown to approximately 90% 

or more confluence in centre-well organ culture dishes and dosed with different numbers 

of particles containing 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres per particle 

without Ni(NO3)2. Ni has been measured at 69.6 μg/g dust in EHC-93 [150], and the Ni 

was 69 μg/g in the particle mimics used. 

4.2.1.3 A549 cells incubated with particles containing sodium chloride (NaCl) 

A549 cells were grown to approximately 90% or more confluence in centre-well 

organ culture dishes. Different numbers of particles containing 1550 pg LPS, 2180 pg 

carbon, 210 pg NaCl and 6 pg FluoSpheres per particle were deposited onto the cells as 

per all steps of the procedure described in section 3.9.3. The negative control and positive 

controls were as per the steps of the procedure described in section 3.9.3. One more 

control was used in this study. The control was cell cultures grown to approximately 90% 

or more confluence in centre-well organ culture dishes and dosed with different numbers 

of particles containing 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres per particle 

without NaCl. Na has been measured at 20.6 mg/g dust in EHC-93 [150], and the Na was 

21 mg/g in the particle mimics used. 
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4.2.1.4 A549 cells incubated with particles containing zinc nitrate (Zn(NO3)2) 

A549 cells were grown to approximately 90% or more confluence in centre-well 

organ culture dishes. Different numbers of particles containing 520 pg LPS, 740 pg 

carbon, 50 pg Zn(NO3)2 and 6 pg FluoSpheres per particle were deposited onto the cells 

as per all steps of the procedure described in section 3.9.3. The reason for using lower 

mass of each compound in these particle mimics was because higher concentration of 

Zn(NO3)2 in the starting solution caused the ink nanoparticles to aggregate and precipitate. 

The negative control and positive controls were as per the steps of the procedure 

described in section 3.9.3. One more control was used in this study. The control was cell 

cultures grown to approximately 90% or more confluence in centre-well organ culture 

dishes and dosed with different numbers of particles containing 520 pg LPS, 730 pg 

carbon and 6 pg FluoSpheres per particle without Zn(NO3)2. Zn has been measured at 

10.4 mg/g dust in EHC-93 [150], and the Zn was 12 mg/g in the particle mimics used.  

4.2.2 Immunocytochemistry assay, image taken from fluorescence 

microscopy and data analysis 

Procedures used in this study all were as per the procedures described in section 

3.9.6 and section 3.9.7. 

4.2.3 CXCL-5 monitored by MALDI-TOF-MS 

A549 cells were grown to approximately 90% or more confluence directly on a 6-

well plate surface. Growth medium was aspirated with a water faucet driven vacuum 

aspirator. 200 μL SFM containing 20 μg/mL Al(OH)3 gel was added to cell culture 

followed by a 24-hour incubation period. A population of particles containing 2590 pg 
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NaCl and 520 pg carbon per particle were deposited onto the cells followed by a 2-hour 

incubation period. Supernatant was collected and analyzed using MALDI-TOF-MS as 

per the procedures described in section 3.9.4 and 3.9.5. Two controls were used in this 

study. The negative control was as per all steps of the procedure described above except 

that no Al(OH)3 gel added to the SFM and no deposition of the particles onto the cells. 

One more control was as per all steps of the procedure described above except that no 

Al(OH)3 gel added to the SFM. 

4.3 Results 

4.3.1 Al(OH)3 gel did not increase ICAM-1 expression notably 

Following deposition of particles containing LPS plus carbon, cell cultures were 

incubated with SFM containing Al(OH)3 gel, or not containing Al(OH)3 gel (the test 

experiment and the control experiment), and relative ICAM-1 antibody fluorescence 

intensities were measured and plotted as a function of number of particles. It was 

observed that both of the plots had two distinct regions able to be fitted with least squares 

linear regression lines: a region of positive slope, and a region of data points able to be 

fitted to a line which had a slope approaching 0, similar to figure 3.39. The relative 

magnitudes of intercepts of the least squares linear fit to the region of data fitted yielded 

lines having slopes approaching 0 from both plots are plotted in figure 4.1. Cells 

incubated with SFM containing Al(OH)3 gel without dosing particles was another control 

experiment. The average relative ICAM-1 antibody fluorescence intensity was calculated 

from the 9 pictures array (described in section 3.9.7) and shown in Figure 4.1.  



102 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

LPS + Carbon LPS + Carbon +         
Aluminum hydroxide gel       

Aluminum hydroxide gel         

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 In

te
ns

ity

          
Figure 4.1  Effect of Al(OH)3 gel on ICAM-1 expressions. A549 cells were grown to approximately 
90% or more confluence in centre-well organ culture dishes. Different numbers of particles 
containing 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres per particle were deposited onto the 
cells (  ) (1). SFM containing 5 μg/mL Al(OH)3 gel (1) (  ) or not containing Al(OH)3 gel (  ) were used 
to incubate the cells for 24 hours. The relative magnitudes of intercepts of the least squares linear fit 
to the region of data fitted yielding lines having slopes approaching 0 of ICAM-1 expressions were 
plotted (  ) (1) and the error bars for the two data points were the standard deviation of the intercept. 
The average relative fluorescence intensity from 9 pictures array was plotted ( ) and the error bar 
for this data point was the standard deviation of the 9 pictures. 
 

Figure 4.1 indicated that Al(OH)3 gel itself suppressed ICAM-1 expression, however 

when it was incubated with LPS plus carbon particles, the ICAM-1 expression increased 

marginally over that expressed when incubated with LPS plus carbon particles. 

4.3.2 Zn(NO3)2 did not increase ICAM-1 expression 

Following deposition of particles containing LPS and carbon with Zn(NO3)2, or 

particles containing LPS and carbon without Zn(NO3)2, cell cultures were incubated with 

SFM, and relative ICAM-1 antibody fluorescence intensities were measured and plotted 

as a function of number of particles. It was observed that both of the plots had two 

distinct regions able to be fitted with least squares linear regression lines: a region of 

positive slope, and a region of data points able to be fitted to a line which had a slope 

approaching 0, similar to figure 3.39. The relative magnitudes of intercepts of the least 
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squares linear fit to the region of data fitted yielding lines having slopes approaching 0 

from both plots are plotted in figure 4.2.  

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

LPS + Carbon LPS + Carbon + Zinc nitrate    

In
te

rc
ep

t

 

Figure 4.2  Effect of Zn(NO3)2 on ICAM-1 expressions. A549 cells were grown to approximately 90% 
or more confluence in centre-well organ culture dishes. Different numbers of particles containing 520 
pg LPS, 730 pg carbon and 6 pg FluoSpheres per particle or different numbers of particles 
containing 520 pg LPS, 740 pg carbon, 50 pg Zn(NO3)2 and 6 pg FluoSpheres per particle were 
deposited onto the cells and incubated with cells for 24 hours. The relative magnitudes of intercepts 
of the least squares linear fit to the region of data fitted yielding lines having slopes approaching 0 of 
ICAM-1 expressions were plotted and the error bars for the data points were the standard deviation 
of the intercept. 
 

Figure 4.2 indicated that ICAM-1 expression did not increase when Zn(NO3)2 was 

added to the LPS plus carbon particles.  

4.3.3 Ni(NO3)2 and NaCl increased ICAM-1 expression 

Following deposition of particles containing LPS and carbon with Ni(NO3)2, or 

particles containing LPS and carbon with NaCl, cell cultures were incubated with SFM, 

and relative ICAM-1 antibody fluorescence intensities were measured and plotted as a 

function of number of particles. It was observed that both of the plots had two distinct 

regions able to be fitted with least squares linear regression lines: a region of positive 

slope, and a region of data points able to be fitted to a line which had a slope approaching 
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0, similar as figure 3.39. The relative magnitudes of intercepts of the least squares linear 

fit to the region of data fitted yielding lines having slopes approaching 0 from both plots, 

together with the first two histograms in figure 4.1 are plotted in figure 4.3 for direct 

visual comparison.  
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Figure 4.3  Effect of Ni(NO3)2 and NaCl on ICAM-1 expressions. A549 cells were grown to 
approximately 90% or more confluence in centre-well organ culture dishes. Different numbers of 
particles containing 1570 pg LPS, 2200 pg carbon and 6 pg FluoSpheres per particle ( ) ( ) or 
different numbers of particles containing 1550 pg LPS, 2180 pg carbon, 1 pg Ni(NO3)2 and 6 pg 
FluoSpheres per particle or different numbers of particles containing 1550 pg LPS, 2180 pg carbon, 
210 pg NaCl and 6 pg FluoSpheres per particle were deposited onto the cells. SFM containing 5 
μg/mL Al(OH)3 gel (  ) or not containing Al(OH)3 gel ( ) (1) were used to incubated the cells for 24 
hours. The relative magnitudes of intercepts of the least squares linear fit to the region of data fitted 
yielding lines having slopes approaching 0 of ICAM-1 expressions were plotted and the error bars for 
the data points were the standard deviation of the intercept. 
 

Figure 4.3 indicated that ICAM-1 expression increased when Ni(NO3)2 or NaCl was 

added to the LPS plus carbon particles relative to Al(OH)3 gel incubated with LPS plus 

carbon particles. 
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4.3.4 Al(OH)3 gel primed the cells 

MALDI-TOF-MS was used to study if aluminium hydroxide gel could prime cells 

by increasing CXCL-5 expressions. Cell supernatants were collected and characterized 

by MALDI-TOF-MS (Figure 4.4). The ion signal intensity labelled with dashed line 

represented CXCL-5. 

 

Figure 4.4  MALDI-TOF mass spectra of the supernatants of A549 cell cultures.  Cells were grown to 
approximately 90% or more confluence directly on a 6-well plate surface. 200 μL SFM containing 20 
μg/mL Al(OH)3 gel (C) or 200 μL SFM not containing Al(OH)3 gel (A) (B) was used to incubate with 
cells for a 24-hour incubation period. ~50 particles containing 2590 pg NaCl and 520 pg carbon per 
particle were deposited onto the cells (B) (C) followed by a 2-hour incubation period. The 
supernatants were each processed using a C18 ZipTip prior to co-crystallization with SA matrix on a 
MALDI target plate. 
 

Figure 4.4 indicates that both negative control and the cells dosed with NaCl plus 

carbon particles without incubating with Al(OH)3 gel prior to deposition of particles did 

not produce measurably different CXCL-5 secretions whereas the cells incubated with 

A 

B 

C 
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Al(OH)3 gel for 24 hours and then dosed with particles produced more CXCL-5 than the 

negative control. 

4.4 Discussion 

In this chapter, I made an attempt to study the adjuvant potential in a different aspect: 

ICAM-1 expression and CXCL-5 expression were monitored as opposed to the more 

commonly monitored Th2 cell and Th2 cytokine responses and expression levels 

respectively.  

Al(OH)3 gel itself suppressed ICAM-1 expression, however when it was incubated 

with LPS plus carbon particles, the ICAM-1 expression increased marginally over that 

expressed when incubated with LPS plus carbon particles. As documented in the 

literature, Al(OH)3 was a Th2 adjuvant while LPS was a Th1 adjuvant [120, 122]. Since 

two adjuvants worked together, a great increasing of ICAM-1 expression was expected. 

The result indicated increasing ICAM-1 expression, however, the increase was marginal. 

I speculate that the marginally increased ICAM-1 expression may have been due to the 

two adjuvants working together and neutralizing their own adjuvant activity. It may also 

explain previous results that concluded Al(OH)3 could decrease the toxicity of LPS [126, 

135-137].  

Al(OH)3 gel primed cells produced more CXCL-5 than Al(OH)3 gel non-primed 

cells when they were subsequently dosed with particles containing NaCl and carbon. 

CXCL-5 is a known chemokine whose function is reported to recruit and activate 

neutrophils [109] and its activity can be inhibited by IFN-γ [26], which is a Th1 cytokine 

[141]. Since Th1 and Th2 responses inhibit each other [122], CXCL-5 was reported to be 

inhibited by Th1 cytokines [26], Al(OH)3 was reported as a Th2 adjuvant [120, 122], and 
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the result from my experiment suggested that Al(OH)3 was able to induce CXCL-5, there 

was a possibility that CXCL-5 was also a T cell chemoattractant besides a neutrophil 

chemoattractant [109].  

Zn, Ni and Na were added to the LPS plus carbon particles, at respective levels as 

have been measured in EHC-93. Zn did not increase the ICAM-1 expression at this level, 

however Ni and Na increased the ICAM-1 expression when added to LPS plus carbon 

particles. This agreed with previous studies, which showed adjuvant activity of EHC-93 

as a mixture [151, 152].  

NaCl has been reported to have low potential to cause lung irritation in animals by 

itself [146, 153]. However, in this study, it indicated together with other compounds, 

even the mass percentage of Na in the ambient air, it could cause an increase of ICAM-1 

expression.  

The number of mole of Ni per particle was much lower than the Na, and it also 

caused an increasing of ICAM-1 expression when added to LPS plus carbon particles. 

Literatures suggested that the ICAM-1 expression in A549 cells only depends on NF-κB 

pathway [37]. However, there are many different ways to activate NF-κB pathway [27, 

29-32]. Therefore, I speculate that the Ni and Na were through different mechanisms to 

activate the NF-κB pathway in an effort to enhance the ICAM-1 expression. There is a 

possibility that Ni is a transition metal and it triggers the oxidative stress while Na does 

not, which might explain why Ni is more potent than Na. 

4.5 Future direction 

CXCL-5 and IL-8 were both members of the C-X-C family and their structures are 

similar. IL-8 was reported as both a neutrophil and T cell chemoattractant in earlier 
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studies [33, 155, 156] however no investigator reported CXCL-5 as a T cell 

chemoattractant. Since the result from my experiment suggested that there was a 

possibility that CXCL-5 was also a T cell chemoattractant, it would be informative to 

investigate further using T cells. If CXCL-5 is both neutrophil and T cell chemoattractant, 

it could be a potential biomarker for research into alternative compounds as adjuvants in 

vaccines. 

Since Ni and Na increased the ICAM-1 expression when added to LPS plus carbon 

particles, it would be informative to investigate further the adjuvant activities of Ni and 

Na based on measuring IL-4 and IFN-γ, two important cytokines in adjuvant studies [129, 

154], changing the cell lines to dendritic cells because of their ability to initiate immune 

response and regulate T cell-mediated immune response [157], Co-culture with naïve T 

cells, and experiments in vivo. 

It would be also informative to investigate the pathways that different metals 

triggered to study the mechanisms of how the metals affect the ICAM-1 expressions. 
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Chapter 5 Incubation of Sulfates Containing Carbon Particles 
with Human Lung Cells (A549) and Measurement of 

ICAM-1 and CXCL-5 Expressions 

5.1 Introduction 

Sulfates comprise a significant portion of PM [158, 159]. Sulfates are mainly formed 

by the oxidation of sulfur dioxide (SO2), which is emitted from either natural sources, 

such as oceans, wetlands, volcanoes [160] and in the combustion of carbonaceous fossil 

fuels (coal, heavy petroleum distillates) [158-160]. Ammonium sulfate ((NH4)2SO4) and 

sulfuric acid (H2SO4) have been identified as the major persistent sulfate species in 

ambient air [158, 159]. (NH4)2SO4 is the product of H2SO4 neutralization by ammonia 

(NH3) gas [158]. Sodium sulfate (Na2SO4) can be readily found in suspended particles 

near coastal areas and after de-icing compounds are applied to the road in winter [17, 18]. 

Na2SO4 is the product when H2SO4 reacts with NaCl in sea salt and de-icing compounds 

[17, 18].  

Carbon is also a major component of PM [17, 18, 159]. It is an abundant species in 

the emissions of high temperature combustion sources [17, 92, 161]. Studies have shown 

that large amounts of sulfate accompanied by similar amounts of carbonaceous material 

with other low concentration compounds constitute a majority of PM by mass [159]. 

Early in vivo studies have provided an order of pulmonary irritant potency of 

sulfates, which is sulfuric acid > ammonium sulfate ~ sodium sulfate, as determined 

using the method of respiratory mechanics (pulmonary flow resistance and compliance) 

as the readout [146, 158]. However no such comparison studies were performed in vitro, 

and no studies have characterized the order of pulmonary irritant potency after sulfates 

are combined with other components. Sodium is commonly used in toxicological studies 
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as negative controls [160] because of its perceived comparatively low toxicity [146, 153], 

but it cause greater lung cell responses when it is mixed with other compounds [50, 153].  

In this chapter, sulfuric acid (H2SO4), ammonium sulfate ((NH4)2SO4) and sodium 

sulfate (Na2SO4) alone, or together with carbon, were used to create mimics of ambient 

particles. Expression levels of CXCL-5 and ICAM-1 were compared using the 

methodology developed in chapter 3. In an effort to compare the irritant potency of the 

three compounds, in one study the masses of carbon, glycerol and FluoSpheres were 

fixed as base components of the particles, with one of the three sulfates added as an 

additional compound for each type of particle. The sulfate concentration in the starting 

solutions was constant, and by analogy, in each particle, the number of moles of sulfates 

was also constant. 

5.2 Experimental 

5.2.1 A549 cells incubated with different particles 

A549 cells were grown to approximately 90% or more confluence in centre-well 

organ culture dishes. Different numbers of particles contained either 10 pg (~0.1 pmol) 

H2SO4, or 20 pg (~0.1 pmol) (NH4)2SO4, or 20 pg (~0.1 pmol) Na2SO4, plus 60 pg carbon, 

160 pg glycerol and 6 pg FluoSpheres per particle. These resultant particles were 

deposited onto the cells as per all steps of the procedure described in section 3.9.3, except 

that no additional 190 μL SFM was added to the cell cultures during the 24 hours 

incubation period in an effort to enable the particles to make contact with the cells. SO4
2- 

has been measured at 44.5 mg/g dust in EHC-93 [150], and the SO4
2- was 42 mg/g in the 

particle mimics used. In addition, the reason for using such low concentration of each 
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component in the particle was because higher concentrations of H2SO4 in the starting 

solution caused the ink nanoparticles to aggregate and precipitate. In an effort to have the 

same number of moles of sulfates per particle, the concentration of (NH4)2SO4 and 

Na2SO4 were lowered to the same as H2SO4, although higher concentrations of the 

(NH4)2SO4 and Na2SO4 did not cause precipitation of ink in starting solution. In an effort 

to have the SO4
2- abundance per particle at the level as it has been measured in EHC-93, 

the total mass of the starting solution needed to be increased instead of decreasing the 

sulfate concentration since the sulfate concentration was extremely low. However higher 

concentrations of ink in the starting solution with H2SO4 also caused precipitation. 

Glycerol had been used in cell studies in a previous study and showed no harm to cell 

cultures [162] and therefore it was used to complete the total mass of the particle mimics. 

The negative control was as per the steps of the procedure described above except 

for the deposition of particles. The positive control was cell cultures grown to 

approximately 90% or more confluence in a centre-well organ culture dish and bathed in 

60 μL of SFM with 400 ng/mL TNF-α (total moles TNF-α added = 1.4 pmol) and 

incubated for 24 hours incubation period. One more control was used in this study. The 

control was cell cultures grown to approximately 90% or more confluence in a centre-

well organ culture dish and bathed in 60 μL of SFM with 3.0 ng/μL carbon, 8.4 ng/μL 

glycerol and 0.3 ng/μL FluoSpheres, whose dosage was approximately equivalent to 

3000 of the above particles without the sulfates, and then incubated for 24 hours.  

Another experiment was also performed in this study. A549 cells were grown to 

approximately 90% or more confluence in centre-well organ culture dishes. Different 

numbers of particles containing higher dosages of sulfates but no carbon and no glycerol 
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per particle (3160 pg (~32 pmol) H2SO4 and 6 pg FluoSpheres per particle, or 4260 pg 

(~32 pmol) (NH4)2SO4 and 6 pg FluoSpheres per particle, or 4580 pg (~32 pmol) Na2SO4 

and 6 pg FluoSpheres per particle) were deposited onto the cells as per all steps of the 

procedure described above. 

5.2.2 Supernatant collection and CXCL-5 monitored by MALDI-TOF-MS 

The procedures used in this study were all as per the procedures described in section 

3.9.4 and section 3.9.5. 

5.2.3 Immunocytochemistry assay, image taken from fluorescence 

microscopy and data analysis 

The procedures used in this study were all as per the procedures described in section 

3.9.6 and section 3.9.7. 

5.3 Results 

5.3.1 Images of the particles 

Representative images of the cell cultures that immediately after their deposition of 

the particles, or images of particles deposition onto glass slides are shown in figure 5.1. 

The observations of (NH4)2SO4 and Na2SO4 particles were similar when deposited onto 

the glass slides, however Na2SO4 particles were not found under fluorescence microscope, 

which might because of their faster dissolving in the SFM. Therefore, only images of 

(NH4)2SO4 are shown in figure 5.1. The particles with carbon could be observed using an 

optical microscope when they were deposited onto the cells, however the particles 

without carbon could only be observed by fluorescence microscope with the aid of 
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FluoSpheres to indicate particle location in the SFM. The particles with carbon were ~6 

μm in diameter and particles without carbon were ~16 μm in diameter because there were 

more than 300 times more sulfates in particles without carbon than in particles with 

carbon. 

 
Figure 5.1  Photomicrographs of particles containing 10 pg H2SO4, 60 pg carbon, 160 pg glycerol and 
6 pg FluoSpheres per particle (A), or 20 pg (NH4)2SO4, 60 pg carbon, 160 pg glycerol and 6 pg 
FluoSpheres per particle (B), or 3160 pg H2SO4 and 6 pg FluoSpheres per particle (C), or 4260 pg 
(NH4)2SO4 and 6 pg FluoSpheres per particle (D), on glass slide (left), or on cells (right). For the 
particles without carbon, fluorescence images of FluoSpheres (green colour) were taken after 
depositions of particles onto the cells. 
 

A 

B

C 

D
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5.3.2 ICAM-1 expressions induced by different sulfates particles 

Following deposition of particles containing carbon, glycerol, FluoSpheres and 

different sulfates, cell cultures were incubated with SFM, and relative ICAM-1 antibody 

fluorescence intensities were measured and plotted as a function of the number of 

particles for each type of particles respectively. It was observed that each data set was 

able to be fitted with a least squares linear regression line. To illustrate the data generated 

by these experiments, the relative fluorescence intensity of ICAM-1 expressions induced 

by particles containing 10 pg H2SO4, or 20 pg (NH4)2SO4, or 20 pg Na2SO4, plus 60 pg 

carbon, 160 pg glycerol and 6 pg FluoSpheres per particle were plotted as a function of 

number of particles deposited onto the cells respectively (Figure 5.2).  
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Figure 5.2 Plot of the relative ICAM-1 antibody fluorescence intensity as a function of number of 
particles. Different numbers of particles contained either 10 pg H2SO4 ( ), or 20 pg (NH4)2SO4 ( ), or 
20 pg Na2SO4 (▲), plus 60 pg carbon, 160 pg glycerol and 6 pg FluoSpheres per particle. These 
resultant particles were deposited onto the cells. The relative fluorescence intensities of ICAM-1 
expressions were plotted as a function of number of particles deposited onto the cells respectively. 
The equations of the least squares linear fits were y = 0.0049x - 0.037 for H2SO4, y = 0.0011x + 0.0037 
for (NH4)2SO4, and y = 0.0010x + 0.013 for Na2SO4. 
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Following deposition of particles containing FluoSpheres and different sulfates, cell 

cultures were incubated with SFM, and relative ICAM-1 antibody fluorescence 

intensities were measured and plotted as a function of the number of particles for each 

type of particles respectively. It was also observed that each data set was able to be fitted 

with a least squares linear regression line (Figure 5.3).  
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Figure 5.3 Plot of the relative ICAM-1 antibody fluorescence intensity as a function of number of 
particles. Different numbers of particles contained either 3160 pg H2SO4 ( ), or 4260 pg (NH4)2SO4 
( ), or 4580 pg Na2SO4 (▲), plus 6 pg FluoSpheres per particle. These resultant particles were 
deposited onto the cells. The relative fluorescence intensities of ICAM-1 expressions were plotted as a 
function of number of particles deposited onto the cells respectively. The equations of the least 
squares linear fits were y = 0.0109x - 0.0382 for H2SO4, y = 0.0013x + 0.0027 for (NH4)2SO4, and y = 
0.0018x + 0.0359 for Na2SO4. 
 

5.3.3 Comparison of ICAM-1 differential expressions 

Since the relative fluorescence intensity of ICAM-1 expressions versus the numbers 

of particles could be fitted using a linear relationship for each different composition of 

particle, the magnitudes of slopes of the least squares linear fits from all types of particles 

were used to divide by the number of moles of sulfates per particle and then plotted in 

figure 5.4 for comparison. The relative fluorescence intensity of ICAM-1 expression in 
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the control experiment, in which was cells bathed with 3.0 ng/μL carbon, 8.4 ng/μL 

glycerol and 0.3 ng/μL FluoSpheres, was 3% lower than the negative control. It indicated 

carbon, glycerol and FluoSpheres themselves did not effect measurably differential 

ICAM-1 expression. Since the dosage of the control experiment was approximately 

equivalent to 3000 particles without the sulfates, a data point at approximately 3000 

particles was assigned to enable the calculation of a representative slope of the least 

squares linear fit for the control experiment. Another data point from chapter 3, which 

was cells dosed with different numbers of particles containing 1480 pg carbon plus 6 pg 

FluoSpheres per particle, was used for comparison.  
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Figure 5.4  Effect of H2SO4, (NH4)2SO4, and Na2SO4 on ICAM-1 expressions. A549 cells were grown 
to approximately 90% or more confluence in centre-well organ culture dishes. Different numbers of 
particles contained either 10 pg H2SO4, or 20 pg (NH4)2SO4, or 20 pg Na2SO4, plus 60 pg carbon, 160 
pg glycerol and 6 pg FluoSpheres per particle. These resultant particles were deposited onto the cells 
and incubated with cells for 24 hours. The control experiment was cells bathed in 60 μL of SFM with 
3.0 ng/μL carbon, 8.4 ng/μL glycerol and 0.3 ng/μL FluoSpheres and incubated for 24 hours. Another 
data point was cells dosed with different numbers of particles containing 1480 pg carbon plus 6 pg 
FluoSpheres per particle. The magnitudes of slopes of the least squares linear fits of ICAM-1 
expressions were used to divide by the number of moles of sulfates per particle and then plotted. 
Error bars represent the error of slopes.  The Y-axis value for carbon particle was 0.13 and therefore 
can not be observed from the diagram. 
 

The magnitudes of slopes of the least squares linear fits from another experiment, 

which was cells dosed with particles containing 3160 pg H2SO4 and 6 pg FluoSpheres per 

particle, or 4260 pg (NH4)2SO4 and 6 pg FluoSpheres per particle, or 4580 pg Na2SO4 
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and 6 pg FluoSpheres per particle, were used to divide by the number of moles of sulfates 

per particle and then plotted in figure 5.5. 
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Figure 5.5  Effect of H2SO4, (NH4)2SO4, and Na2SO4 on ICAM-1 expressions. A549 cells were grown 
to approximately 90% or more confluence in centre-well organ culture dishes. Different numbers of 
particles containing 3160 pg H2SO4 and 6 pg FluoSpheres per particle, or 4260 pg (NH4)2SO4 and 6 
pg FluoSpheres per particle, or 4580 pg Na2SO4 and 6 pg FluoSpheres per particle were deposited 
onto the cells and incubated with cells for 24 hours. Another data point was cells dosed with different 
numbers of particles containing 1480 pg carbon plus 6 pg FluoSpheres per particle. The magnitudes 
of slopes of the least squares linear fits of ICAM-1 expressions were used to divide by the number of 
moles of sulfates per particle and then plotted. Error bars represent the error of slopes. 
 

Figure 5.4 indicated that H2SO4 + carbon particles induced ICAM-1 expression 4.6 

times higher than (NH4)2SO4 + carbon particles and 4.9 times higher than Na2SO4 + 

carbon particles. Figure 5.5 indicated that H2SO4 particles induced ICAM-1 expression 

was 8.1 times higher than (NH4)2SO4 particles and 6.1 times higher than Na2SO4 particles. 

Both of the figures indicated the order of ICAM-1 expression induced by sulfates was 

H2SO4 > (NH4)2SO4 ~ Na2SO4. This result agreed with the early in vivo studies [146, 

158].  
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The two figures also indicated that carbon, which was an insoluble component in 

particles, did not change the order of irritant potency of the sulfates, which were soluble 

components in particles. 

Furthermore, the relative slopes (absolute slope divided by the number of moles of 

sulfates per particle) are shown in figure 5.4 and figure 5.5. When the number of moles of 

sulfates per particle was increased by a factor of approximately 300, the relative slope of 

the ICAM-1 expression was decreased by a factor of approximately 150. The difference 

between the two particle types was that the former one contained carbon and the later one 

did not. Therefore, there was a possibility that the carbon, which did not effect 

measurably different ICAM-1 expression by itself, helped increase the ICAM-1 

expression when it was present in sulfates + carbon particles.  

5.3.4 Comparison of CXCL-5 differential expressions 

Following collection of the supernatants, MALDI-TOF-MS was used to monitor 

CXCL-5. The relative CXCL-5 signal intensities were plotted as a function of the number 

of particles for each type of particle respectively. It was also observed that each plot was 

able to be fitted with a least squares linear regression line individually. The magnitudes 

of slopes of the least squares linear fits from all types of particles were used to divide by 

the number of moles of sulfates per particle and then plotted in figure 5.6 for comparison. 

Since the dosage of the control experiment was approximately equivalent to 3000 

particles without the sulfates, a data point at approximately 3000 particles was assigned 

to permit an estimate for a slope of a least squares linear fit for the control experiment. 
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Figure 5.6  Effect of H2SO4, (NH4)2SO4, and Na2SO4 on CXCL-5 expressions. A549 cells were grown 
to approximately 90% or more confluence in centre-well organ culture dishes. Different numbers of 
particles contained either 10 pg H2SO4, or 20 pg (NH4)2SO4, or 20 pg Na2SO4, plus 60 pg carbon, 160 
pg glycerol and 6 pg FluoSpheres per particle. These resultant particles were deposited onto the cells 
and incubated with cells for 24 hours. The control experiment was cells bathed in 60 μL of SFM with 
3.0 ng/μL carbon, 8.4 ng/μL glycerol and 0.3 ng/μL FluoSpheres and incubated for 24 hours. The 
magnitudes of slopes of the least squares linear fits of CXCL-5 expressions were used to divide by the 
number of moles of sulfates per particle and then plotted. Error bars represent the error of slopes. 
The Y-axis value for carbon + glycerol was 17. 
 

The CXCL-5 data presented in figure 5.6 followed the same trend as the ICAM-1 

data plotted in figure 5.4. It indicated that H2SO4 with carbon particles induced CXCL-5 

expression 3.3 times higher than (NH4)2SO4 with carbon particles and 2.6 times higher 

than Na2SO4 with carbon particles. The order of CXCL-5 expression induced by sulfates 

was H2SO4 > (NH4)2SO4 ~ Na2SO4. This result also agreed with the early in vivo studies 

[146, 158]. 

5.4 Discussion 

In this chapter, I made an attempt to study the ICAM-1 and CXCL-5 expressions 

from A549 cells induced by different sulfates alone, or in a carbon aggregate host. 



120 

The result in my ICAM-1 study indicated that H2SO4 particles induced ICAM-1 

expression 8.1 times higher than (NH4)2SO4 particles and 6.1 times higher than Na2SO4 

particles. It agreed with previous in vivo studies, which had given an order of pulmonary 

irritant potency of pure sulfates: H2SO4 > (NH4)2SO4 ~ Na2SO4 [146, 158]. However, 

both of the previous in vivo studies reported H2SO4 had 10 times more pulmonary irritant 

potency than (NH4)2SO4, which were higher than the ICAM-1 result in my study. 

However, it was within my experimental error. Furthermore, between the two previous 

studies, one reported (NH4)2SO4 had similar pulmonary irritant potency with Na2SO4 

[158], which was similar to the result of my study, whereas another study reported 

(NH4)2SO4 had 10 times more pulmonary irritant potency than Na2SO4 [146].  

The results from ICAM-1 and CXCL-5 expressions agreed with each other and 

indicated carbon, which was an insoluble component in particles, did not change the 

order of irritant potency of the sulfates which were soluble components in particles. 

However, the data plotted in figure 5.4 and figure 5.5 demonstrated that there is a 

possibility that the carbon, which did not effect measurably different ICAM-1 expression 

by itself, helped increase the ICAM-1 expression in sulfates particles. 

This study used the in vitro methodology developed in our group to validate an 

existing pulmonary irritant potency result from previous in vivo studies, although the 

experimental endpoints used were totally different. Furthermore, this study characterized 

the order of pulmonary irritant potency of sulfates in a carbon aggregate host from the 

perspective of the ability of inducing ICAM-1 and CXCL-5 expressions.  
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5.5 Future direction 

This study was based on particle sizes of 6 ~ 16 μm diameter. It would be 

informative to investigate the sulfates using fine particle sizes since sulfates were 

abundant in PM2.5 fraction [17].  
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Chapter 6 Conclusion 

Inhalation of particulate matter is associated with adverse effects on human health. 

This thesis is based on a hypothesis that different chemicals in a particle cause 

measurably different ICAM-1 and CXCL-5 responses.  

Allen Haddrell, a previous graduate student, developed a methodology to assess the 

ICAM-1 expression of ambient particles, in vitro. However problems with this 

methodology were identified, and the majority of this thesis was to find solutions to these 

problems. After a systematic study, most of the challenges were conquered. Table 6.1 

represents the differences between the Haddrell methodology and the improved 

methodology. However, the problem of data processing of ICAM-1 expression remained 

unsolved. Five different methodologies were used to process the images of ICAM-1 

antibody fluorescence intensities. Only through one processing methodology, the trends 

of the data can be observed. The data from the other four processing methodologies were 

too scattered to make strong conclusions.  
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Haddrell Methodology Improved Methodology 

Cells cultured on a coverslip Cells cultured in center-well organ dish 

Remove growth medium Remove growth medium 

Add serum free medium (SFM) 

Add water in the moat 

Dose cells with particles and incubate Dose cells with particles, centrifuge and 

incubate 

Collect supernatant and ziptip Collect supernatant, add internal standard, 

and ziptip 

Characterize with MALDI-MS Characterize with MALDI-MS 

Fixing cells with 1% acetone solution Fixing cells with 4% (w/v) 

paraformaldehyde (PFA) 

ICAM-1 antibodies staining ICAM-1 antibodies staining 

Table 6.1  Comparison of the Haddrell methodology and the improved methodology. Red colour 
represents the changes in the methodology. 
 

Zn, Ni and Na were added to the LPS plus carbon particles, at respective levels as 

have been measured in EHC-93. Zn did not increase the ICAM-1 expression at this level, 

however Ni and Na increased the ICAM-1 expression when added to LPS plus carbon 

particles.  

I also made an attempt to study the ICAM-1 and CXCL-5 expressions from A549 

cells induced by different sulfates alone, or in a carbon aggregate host. The result in my 

ICAM-1 study indicated that H2SO4 particles induced ICAM-1 expression 8.1 times 
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higher than (NH4)2SO4 particles and 6.1 times higher than Na2SO4 particles. It agreed 

with previous in vivo studies, which had given an order of pulmonary irritant potency of 

pure sulfates: H2SO4 > (NH4)2SO4 ~ Na2SO4 [146, 158]. The results also indicated carbon 

did not change the order of irritant potency of the sulfates. However, there is a possibility 

that the carbon, which did not effect measurably different ICAM-1 expression by itself, 

helped increase the ICAM-1 expression in sulfates particles. This study used the in vitro 

methodology developed in our group to validate an existing pulmonary irritant potency 

result from previous in vivo studies, although the experimental endpoints used were 

totally different. Furthermore, this study characterized the order of pulmonary irritant 

potency of sulfates in a carbon aggregate host from the perspective of the ability of 

inducing ICAM-1 and CXCL-5 expressions.  

The contribution of this thesis is to improve the existing in vitro methodology to 

assess the ICAM-1 and CXCL-5 expressions of ambient particles and understand more 

about how A549 cells respond to the different particle compositions.  
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