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Abstract 

 Particulate matter, a heterogeneous mixture of solid and liquid particles 

suspended in the atmosphere, has been strongly linked to several respiratory diseases 

and cardiovascular disease.  Due to its impact on human health, epidemiological, in vivo, 

and in vitro studies are used to assess toxicity of diverse types of particulate matter, and 

mechanisms behind disease pathogenesis.  To enable insight on how particle 

composition affects cellular response, an in vitro dose-response apparatus and 

methodology were developed to deliver heterogeneous particles of controlled 

compositions onto human lung cell mono- and co-cultures.   

 Silica particles, an ambient particle type sourced from crustal matter, were 

generated using the apparatus and were delivered onto cultures of alveolar epithelial 

cells (A549) up to an estimated 3.2 µg cm-2.  No change was observed in membrane 

bound protein intercellular adhesion molecule-1 (ICAM-1) expression.  In a proof of 

concept study, tumor necrosis factor (TNF)-α, a potent cytokine, was introduced as a 

secondary component to silica.  This binary particle type was also delivered onto A549 

monocultures, and ICAM-1 signal increased with an increase in dose.  Silica particles 

were also delivered onto co-cultures containing A549 cells and macrophages 

differentiated from blood monocyte cells (THP-1).  Cytokine interleukin (IL)-6 was 

significantly up-regulated in co-cultures, but IL-8 was not.  Lipopolysaccharide (LPS), a 

component of the cell wall in Gram negative bacteria, and nickel, in the form of 

Ni(NO3)2·6H2O, were introduced as secondary components to silica.  These binary 

particle types were generated at ratios representative of respirable agricultural soils and 

dosed onto co-cultures.  It was observed that silica plus LPS particles caused an up-

regulation of IL-6 and IL-8 response relative to silica particles, whereas silica plus nickel 

particles did not.  LPS bioavailability was determined as 10±3% and 1.0±0.6% for silica 

plus LPS particles at atmospherically-relevant LPS to silica mass ratios of 91 ppm and 

910 ppm, respectively.  The reduction in bioavailability showed how interactions between 

compositions in a heterogeneous particle type can affect cellular response. 

Keywords:  Particulate matter; bioavailability; in vitro dose-response strategy; 
nebulizer-spray chamber apparatus; method development 
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Chapter 1.  
 
Introduction 

1.1. Motivation 

Exposure to atmospheric particulate matter (PM) is one of the leading risk factors 

for mortality.  An article arising from the Global Burden of Diseases, Injuries, and Risk 

Factors Study, an extensive collaborative network that serves to measure and report 

worldwide epidemiological levels and trends, evaluated risk assessment for 79 factors.1  

Inhalation exposure to ambient particulate matter for particles less than an aerodynamic 

diameter of 2.5 µm (PM2.5) was one of the leading factors in disability and mortality risk.  

Ambient PM2.5 exposure led to approximately 2.9 million deaths and 70 million disability-

adjusted life years, in which the latter ranked 12th overall in 2013.  Additional information 

obtained from the Global Burden of Disease data hub reported the aforementioned 2.9 

million deaths ranked 7th overall and was the leading environmental and occupational 

risk for mortality.  In Canada alone, ambient PM2.5 exposure led to approximately 8,800 

deaths and 140,000 disability-adjusted life years in 2013, which ranked 11th and 14th, 

respectively.  Evidently, PM exposure has a devastating effect on human health, as 

witnessed by high levels of associated disability and mortality from disease both on a 

national and global scale. 

Causes of death associated with particulate matter include several respiratory 

diseases and cardiovascular disease, as reported in numerous epidemiological studies.  

Particulate matter exposure has been strongly linked to lung cancer,3 asthma,4 silicosis,5 

chronic obstructive pulmonary disease,6 and ischemic heart disease.7  An increase in 
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mass of particle exposure is often correlated positively with an increase in risk.  Two 

meta-analyses reported that an increase of 10 µg m-3 for particles less than an 

aerodynamic diameter of 10 µm (PM10) was associated with an 8% increase in lung 

cancer,3 and increases of 2.7% and 1.1% in chronic obstructive pulmonary disease 

hospitalizations and mortality, respectively.6  In a cohort conducted within the United 

States that encompassed 1.2 million adults, a 10 µg m-3 increase in PM2.5 was related to 

a 14%, 18%, 12%, and 9% increase in mortality attributable to lung cancer, ischemic 

heart disease, cardiovascular disease, and cardiopulmonary disease, respectively.7  

Similarly, PM2.5 concentrations ranging from 11.11 to 19.9 µg m-3 were associated with a 

55% increase in asthma risk relative to the range of 6.4 to 9.49 µg m-3 PM2.5.4  In 

summary, particulate matter has been strongly linked to several adverse health effects 

and increased exposure is associated with increased risk for disease and mortality. 

The World Health Organization has produced air quality guidelines to assist 

countries in reducing health impacts of air pollution.8  Efforts are being made by 

government agencies to continuously monitor and reduce emissions to these guidelines 

and their own national objectives.  The current air quality guidelines include 10 μg m-3 for 

PM2.5
 and 20 μg m-3 for PM10 based on annual averaging.  The World Health 

Organization suggests that a decrease of 35 µg m-3 to 10 μg m-3 for PM2.5 or 70 µg m-3 to 

20 μg m-3 for PM10 would result in a 15% reduction in mortality risk.  To put these 

numbers into perspective, population-weighted ambient PM2.5 levels were estimated at a 

global average of 26.4 μg m-3, and ranged from 3.0 μg m-3 in Australasia to 9.9 μg m-3 in 

Canada and the United States to 50.3 μg m-3 in East Asia.9  It is important to note that 

achieving the World Health Organization air quality guidelines for particulate matter may 

not eliminate associated health impacts.  Residents of Canada are still at an increased 

risk for disease and mortality from ambient PM exposure despite the fact that national 

levels are near the recommended guidelines.  Furthermore, these targets may be 

difficult to reach for some countries; especially considering that worldwide particulate 

matter levels may be trending upwards.  Global population-weighted ambient PM2.5 

concentrations were estimated to have increased 0.55 μg m-3 year-1 from 1998-2012.9  In 

summary, particulate matter continues to pose a significant threat to human health, 

despite efforts made by the World Health Organization and government agencies to 

reduce PM levels. 
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Particulate matter has compound complexity and the heterogeneous composition 

of most particles has presented a challenge in identifying compositions that are 

contributing to adverse health effects.  Distinguishing the most harmful compositions of 

particulate matter and targeting associated anthropogenic sources may accelerate the 

process of reducing health impacts attributable to particle exposure.   

In vitro dose-response studies continue to be used as a way to evaluate 

compositional toxicity.10  Single compositions are either exposed to cell cultures as a 

particle suspension or as a solution in cell culture medium for the insoluble and soluble 

fractions of PM.  After an incubation period, cells exposed to particulate matter 

compositions and/or their supernatants are characterized to acquire knowledge of the 

relative toxicity of select components.  Yet, these studies preclude elucidation on how 

multi-compositional particles affect cellular response.10  Furthermore, the ability to 

deliver heterogeneous particles of controlled composition has been lacking from 

literature, particularly for particles composed of both insoluble and soluble phases.  

Thus, the aim of this thesis was to (1) develop an apparatus and methodology capable 

of delivering heterogeneous particle mimics onto human lung cell cultures and (2) 

monitor cellular response generated by such particles, thereby yielding insight on how 

compositional heterogeneity affects particle toxicity. 

1.2. Definition of Particulate Matter  

Particulate matter (PM) is a heterogeneous mixture of solid and liquid particles 

suspended in air, varying in size and composition in space and time.11  Aerosols consist 

of solid and liquid particles as well, but also include the gas phase in which the solid and 

liquid phases are suspended.  Therefore, atmospheric aerosols consist of PM that is 

suspended in the Earth’s atmosphere, which is the air we breathe.   

The terms PM and aerosol have been used throughout this thesis.  When the gas 

phase was considered, the term aerosol was applied, but when it was not, PM was used 

instead.  Note that several semi-volatile compounds exist in equilibrium between gas 
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and liquid phases, so the term aerosol is better suited for systems with such compounds.  

In most cases, semi-volatile compounds and the gas phase were not considered in this 

thesis, so the emphasis is on PM.   

1.3. Classifications of Particulate Matter 

Due to its complex nature, PM has been categorized in several different ways.  

The three main classifications are based on particle diameter and include (1) modal, (2) 

dosimetry (ability to penetrate the human respiratory system), and (3) size-selective 

sampling (based on cut points of sampling devices).  These are described in more detail 

below. 

1.3.1. Modal  

Modal characterization was originally proposed by Whitby in 1978, who observed 

that sampled particles formed distinct peaks (modes) based on their size distribution.12-13  

In his trimodal system, particles within the (1) nuclei mode were 0.015 µm to 0.04 µm, 

(2) accumulation mode were 0.15 µm to 0.5 µm, and (3) coarse particle mode were 5 µm 

to 30 µm.  Fine particles were defined as less than 2 µm in diameter and coarse 

particles greater than 2 µm in diameter.  Therefore, he concluded that fine particles were 

constituted of particles from the nuclei and accumulation mode ranges.  Fine and coarse 

particles were reported as ‘usually chemically different’ because they arose from 

different sources.  Fine particles originated from combustion-related sources, whereas 

coarse particles were associated with mechanical processes such as wind-blown dust, 

volcanic activities, sea spray, plant particles, and industrial activities that involve grinding 

processes. 

Whitby’s conclusions have held up remarkably well.12  However, with 

advancements in research, a modal system of four modes is now accepted; the nuclei 

mode is now split up into nucleation and Aitken modes.  These two modes make up 
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particles in the ultrafine fraction, but are still considered fine particles.  The valley found 

between the accumulation mode and the coarse mode peaks is what separate fine 

particles from coarse particles and is generally between 1 to 3 µm.  Therefore, there is 

some overlap in the diameter of fine and coarse particles, as particles from combustion 

sources can exist up to 3 µm and mechanically-generated particles can exist as low as 1 

µm.  The shift in distribution of particles generated from combustion sources is largely 

affected by relative humidity, as higher relative humidity results in larger particles due to 

an increase in water condensation within the accumulation mode, particularly for 

hygroscopic compounds.12  An idealized plot of particle size distribution with the various 

modes of sampled particles can be observed in Figure 1.1.   

 

Figure 1.1: Idealized modal plot as volume size distribution with the four major 
types of modes and main particle types, as well as major formation 
and growth mechanisms.  The y-axis, represented by ∆V/∆log Dp, 
corresponds to the differential volume of particles per cm3 of air 
having diameter in the size range from log Dp to log(Dp + ∆Dp), where 
V = volume and Dp = particle diameter.  Source: U.S. EPA.12 
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1.3.2. Dosimetry 

Particle dosimetry refers to the deposition and retention of inhaled particles in the 

respiratory system.  Categorization of PM for related epidemiological, in vivo, and in vitro 

studies are generally based on particle dosimetry; specifically the size distribution of 

particles in the different regions of the human lung.11  Particles under a median 

aerodynamic diameter of 10 μm (PM10) readily deposit within the tracheobronchial tree 

and are defined as thoracic particles.  Coarse fraction particles measure between 2.5 

and 10 µm in diameter (PM(2.5 to 10)) and they generally deposit in the tracheobronchial 

tree, whereas fine fraction particles (PM2.5) are more likely to reach the alveoli (gas-

exchange region).  Ultra-fine particles, particles less than 100 nm in diameter, potentially 

translocate into the circulatory system.11  Size categorized PM based on dosimetry is 

shown in Figure 1.2.  Unless otherwise specified, PM is classified via dosimetry 

throughout this thesis. 

 

Figure 1.2: Size profile of particulate matter based on dosimetry.  Source: 
American Heart Association, Inc.11 
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1.3.3. Size-Selective Sampling  

Size-selective sampling is used during the collection of PM and is based on a 

specific cut point of retained particles.  Typically a 50% cut point is used.  For example, 

when PM2.5 size-selective sampling is used, 50% of particles less than 2.5 µm are 

retained on a filter and the remaining 50% bypass the filter.  However, the size fraction is 

not defined by the cut point alone; it is defined by the entire penetration curve.  For 

example, the Federal Reference Method for PM2.5 (described below) reject 94% of 

particles larger than 3 µm and 16% of particles larger than 2 µm.  Along with the 50% cut 

point, those values represent significant points along the penetration curve and help 

define size-selective sampling.   

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

developed a PM2.5 sampling device known as the Federal Reference Method (FRM) for 

PM2.5 (Figure 1.3).12, 14  Size-selective sampling often uses cut points based on 

dosimetry.  For instance, the FRM uses PM10 and PM2.5 cut points, which correspond to 

tracheobronchial and alveolar deposition, respectively.  Size-selective sampling often 

operates based on the principle of impaction.  Generally, particles are accelerated 

through an inlet or downtube and are subject to a perpendicular impaction surface.  

Larger particles with higher inertia collide with the impaction surface, whereas smaller 

particles bypass the impaction surface and continue through the sampling device.  In the 

case of the Well Impactor Ninety-Six (WINS) impactor used in the FRM for PM2.5, the 

impaction surface is coated with oil, resulting in minimized impactor overloading and 

reduced particle bounce.15  The remaining particles are collected downstream onto 

filters, often polytetrafluoroethylene in composition, that serve to minimize particle-filter 

interactions. 
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Figure 1.3: Schematic of the sampling portion of the EPA’s FRM for PM2.5 with 
an expanded view of the Well Impactor Ninety-Six (WINS) PM2.5 
fractionator.  Sources: adapted from Noble14 and Peters.15 

1.3.4. Overlap between Classifications and Coarse Particle 
Deposition in the Alveoli 

As described above, the three main ways to classify particulate matter by size 

are modal, dosimetry and size-selective sampling.  Since these three classifications are 

all size related, there are overlaps in their definitions.  For instance, size-selective 

sampling uses cut points based on particle size fractions as defined by dosimetry.  

Similarity also exists in the nomenclature of modal and dosimetry classifications for the 

two main size groups; they are both labelled as ‘fine’ and ‘coarse’.  However, modal 

characterization separates the two groups based on size distribution derived from a 

particle formation perspective, whereas dosimetry distinguishes the two fractions based 

on the ability of inhaled particles to penetrate the human lung.  This factor results in a 

difference between the cut-off for modal and dosimetry characterization (2 µm versus 2.5 
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µm, respectively).  In addition, the size distribution of mechanically-generated particles 

can be as low as 1 µm.  For example, the size distribution of silica particles, a 

mechanically-generated particle type, was measured in an urban environment, and 87% 

of the total number of sampled particles had a diameter of less than 2.5 µm.16  

Therefore, it is possible for mechanically-generated particles to reach the alveoli of the 

lung.   

Furthermore, the dosimetry of inhaled particles is a complex process, as 

deposition is affected by many factors, e.g., wind velocity, respiratory tract morphology, 

tidal volume, and route of breathing.  Finally, the distribution of inhaled particles follows a 

penetration curve.  Particles less than or equal to 2.5 µm are not the only particles to 

deposit in the alveoli.  Particles within the coarse fraction, particularly at the smaller end, 

i.e. 3 to 6 µm, have been shown to reach the alveoli based on EPA predictions using 

particle deposition models.12  To summarize, particle types derived from combustion and 

mechanical processes with their corresponding vast range of compositions can reach 

the pulmonary alveolus. 

1.4. Particulate Matter Speciation and Major Source Groups 

Particles in the atmosphere can also be classified as primary and secondary 

particles.  Primary particles are directly emitted from sources, and secondary particles 

are formed through atmospheric reactions that typically involve gas phase precursors.  

Both particle types arise from various anthropogenic and natural sources resulting in 

high diversity of airborne compounds.  While many compounds are region specific due 

to unique emission sources,17 there are also ubiquitous ambient particles that have been 

classified into several PM species.18   

Examples of major primary particle species and their main sources include 

marine salts from ocean and sea sprays, mineral dusts from wind erosion of planetary 

crustal material, carbonaceous compounds, i.e. elemental carbon (EC) and organic 

carbon (OC) or organic matter (OM), from the incomplete combustion of fossil fuels and 
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wildfires (soot), and metals from fossil fuel combustion (ash), smelting processes, and 

volcanic activity.  Natural organics such as soil humic matter and biological materials 

pollen, bacteria, and plant fragments are also major species of PM, and are also 

primarily emitted from wind erosion.  Secondary particles are composed of inorganic 

ions such as ammonium (NH4
+), nitrate (NO3

-), and sulphates (e.g., SO4
2-), which are 

released as gas-phase precursor compounds ammonia (NH3), nitrogen monoxide (NO), 

sulphur dioxide (SO2).  These gas-phase precursors are ultimately transformed to their 

particle states via atmospheric reactions.  The main sources of precursor compounds 

NH3, NO, and SO2 include agriculture, motor vehicle exhaust, and fossil fuel combustion, 

e.g., coals, diesel fuels, respectively.  Particle bound water (PBW) is also ubiquitous in 

the atmosphere.  It forms through the condensation of water vapour onto particles, 

particularly on those containing hygroscopic components, and under atmospheric 

conditions of high relative humidity. 

1.5. Spatial and Temporal Variability of Particulate Matter 

The aforementioned major particle species are ubiquitous in ambient air, yet they 

are subject to spatial and temporal variability.  Factors affecting variability include 

meteorological processes and proximity to emission sources, as well as the type of and 

activity from such sources.  For instance, arid deserts exhibit higher concentrations of 

crustal matter, marine environments have elevated levels in salts, and areas with high 

amounts of vehicular traffic contain increased levels of metals, inorganic ions 

ammonium, nitrate, and sulphates, and carbonaceous compounds such as soots.  There 

has been growing interest in measuring the chemical speciation of PM.  PM speciation 

was reported for 2003-2008 in select Canadian cities by the National Air Pollution 

Surveillance (NAPS) program (Figure 1.4).19 
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Figure 1.4: Average reconstructed fine fraction (PM2.5) mass concentration of 
sampled PM in select Canadian cities from 2003-2008 during months 
a) April through September b) October through March. Legend 
labels NaCl, SOIL, EC, OM, ANO3, ASO4 and PBW represent sodium 
chloride, crustal matter, elemental carbon, organic material, 
ammonium nitrate, ammonium sulphates, i.e. (NH4)2SO4, 
(NH4)3H(SO4)2, NH4HSO4, and particle bound water, respectively.  
Source: Dabek-Zlotorzynska.19 
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In general, ammonium sulphates (ASO4) and OM had the highest levels though 

most of the major species had significant contributions to the overall mass distribution of 

PM2.5.  The exception was trace oxidized metals, e.g., vanadium, lead, nickel, and 

copper.  These compounds were detected, but not as high in mass content as the other 

major species.  Individual biological compounds were not measured.   

As shown in Figure 1.4, there was spatial and seasonal variance for the major 

species.  Locations in close proximity to marine environments, such as Burnaby and 

Halifax, had higher levels of sodium chloride (NaCl).  NaCl concentrations were also 

elevated in locations that exhibited road salting during the winter months, e.g., 

Edmonton.  Crustal matter was reported highest in spring, presumably due to the 

remnants of winter road sanding.  Perhaps it was also tied to nearby agricultural activity.  

Golden had considerably higher OM and EC levels in the winter months largely due to 

residential wood burning emissions.  The amount of PBW water varied between 3 and 

12% of the total reconstructed mass and was higher in Eastern locations where higher 

amounts of hygroscopic ASO4 and relative humidity were observed.  ASO4 and 

ammonium nitrate (ANO3) exhibited higher levels during the summer and winter months, 

respectively.  Since ANO3 formation relies on nitrogen dioxide (NO2) as a precursor 

gas,20 and NO2 photodisassociates,21 it was likely the decreased amount of sunlight 

during the winter months resulted in higher NO2 levels, and subsequently, more ANO3.  

Furthermore, higher HNO3 concentrations result in decreased H2SO4 levels,21 which are 

competing precursors to form ANO3 and ASO4, respectively.  These atmospheric 

processes further explain the inverse seasonal variability of ANO3 and ASO4.  In 

summary, PM2.5 measured across urban locations in Canada demonstrated how PM 

varies spatially and seasonally based on proximity to and activity from source types. 

1.6. Atmospheric Processes affecting Particulate Matter 

Dilution, nucleation, condensation, evaporation, and coagulation are important 

physical atmospheric processes involving PM, particularly for newly emitted particles 

within the submicron range that arise from combustion sources.22  These important 
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processes affect the outcome of particle properties, both physically, e.g., size 

distribution, and compositionally, e.g., semi-volatile fractions.   

Dilution is the decrease in the concentration of molecules as they release into the 

atmosphere and are dispersed from the source.  Particle nucleation is the clustering of 

gas phase molecules in the atmosphere.  Condensation is the conversion of a gas to a 

liquid onto a pre-existing particle.  These three processes are strongly correlated to one 

another.  For example, as a mixture of vapours and particles emit from a combustion 

source, such as the exhaust of a gas-powered motor vehicle, they rapidly cool, and low 

volatile gas phase compounds super-saturate.  These super-saturated compounds may 

form new particles by nucleation or condensation onto pre-existing particles.  Therefore, 

nucleation and condensation are competing processes.  Furthermore, relatively low 

particle concentrations favour nucleation, whereas higher concentrations favour 

condensation.  Thus, nucleation and condensation are largely affected by the rate of 

dilution.   

Evaporation also competes with condensation, and their equilibria are influenced 

by factors such as particle composition and relative humidity.12  Marine spray is a natural 

source of NaCl and gaseous SO2, a precursor of particulate sulphates, e.g., Na2SO4 and 

(NH4)2SO4.18  Hygroscopic compounds such as these inorganic salts absorb water from 

their environment.  Therefore, at high relative humidity, inorganic salts maintain their size 

due to the preservation of water.12  Alternatively, at low relative humidity, particle bound 

water rapidly evaporates leaving smaller sized inorganic salt particles.  The 

aforementioned differences in particle growth lead to variances in the physical and 

chemical make-up of the particle.   

Coagulation refers to particle accumulation.  It occurs most frequently when 

smaller particles collide with larger particles.  This interaction is due to smaller particles 

having rapid Brownian motion, while the larger particles function as a relatively slow 

moving collision target.  These atmospheric processes lead to modal size distributions 

and can be observed in the idealized modal plot previously shown in Figure 1.1. 
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Another major atmospheric process affecting particle composition is the 

generation of secondary compounds, which are formed through gas phase chemical 

reactions, particularly involving photochemical reactions of gaseous compounds within 

the atmosphere.  Sulphates, nitrates, ammonium and secondary organic aerosols are 

the most common compounds generated by secondary particle formation.18  For 

example, a possible route of the formation of nitrate will be explored.  Note that while 

nitrogen pathways in the atmosphere are fairly understood, they are complex and the 

example route described here is one of many.   

The main sources of anthropogenic nitric oxide (NO) include vehicular exhaust 

and power plants.23  NO oxidizes into nitrogen dioxide (NO2) via peroxy radicals (HO2
· or 

RO2
·) or ozone (O3).21, 24  NO2 reacts with the hydroxyl radical (OH·) to form nitric acid 

(HNO3).21  As an aside, peroxy and hydroxyl radicals as well as ozone are secondary 

products formed from the combustion of hydrocarbons and are formed from 

photochemical reactions in the atmosphere.  HNO3 commonly reacts with airborne 

compounds: ammonia (NH3), marine salts such as sodium chloride (NaCl), and mineral 

dusts such as calcium carbonate (CaCO3) to form ammonium nitrate (NH4NO3), sodium 

nitrate (NaNO3), and calcium nitrate (Ca(NO3)2), respectively.25-26  HNO3 and NO2 also 

adsorb onto particulates including mineral oxides silica and aluminum oxide.27  Finally, 

due to the diverse chemistry of nitrate, it can exist on fine and coarse fraction particles.12   

1.7. Single Particle Speciation 

The small and selected sampling of literature described in the preceding sections 

serve as a foundation to appreciate that PM is a heterogeneous mixture of chemical and 

biological components in solid and liquid phases.  Yet, does this level of PM complexity 

extend to single particles?  The various atmospheric processes explained above suggest 

diverse single particle chemistry, but what supporting evidence is there?   

Fortunately, technology for single particle analysis does exist, and studies infer 

that single particles contain multiple species.  Single particle analysis was measured on 
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common airborne particles sampled over Mexico City using aerosol time-of-flight mass 

spectrometry (ATOFMS).  Particle types included several carbonaceous particle types, 

as well as dust, and metallic particles that ranged in size from sub-micron (< 1 µm) to 

super-micron (> 1 µm).28  All of the reported spectra had strong signals for either nitrate 

or sulphate, suggesting evidence of mixing from secondary species.  Moreover, the 

ability for either anion to exist on every particle measured explains the previously 

described high levels of these anions in PM2.5 as measured in several Canadian cities.19  

Ammonium was less common, but still prominent in some of the carbonaceous, metal, 

and dust particles.  The authors’ interpretation of the data suggested that the ammonium 

found in the AlSi particles may have not originated from reactions with precursor gas 

phase compounds, but from its presence in soil instead.  Calcium was often found in EC 

particles, whose sources were presumed to be from diesel emissions from heavy duty 

vehicles.  Sodium, potassium and chlorine presence with EC and metals, particularly 

lead, zinc, and copper, revealed strong internal mixing.  Vanadium was found with 

oxalate, a marker for organic oxalic acid.  Carbonaceous particles from biomass burning 

had a strong signal for levoglucosan, an organic tracer for biomass burning, but they 

also had high levels of potassium, and to a lesser extent, sodium.  The potassium signal 

was also found on OC particles, indicating its coagulation with biomass particles and/or 

condensation onto biomass nuclei particles.  Additionally, levoglucosan signal was 

observed in other particle types, specifically NaK and NaClZnPb particles, suggesting 

their origin was from refuse and paper burning.  Examples of averaged single particle 

ATOFMS spectra can be observed in Figure 1.5. 
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Figure 1.5: Average mass spectra of various single particle types via aerosol 
time-of-flight mass spectrometry (ATOFMS).  Labels HMOC and NOC 
refer to high molecular weight organics and nitrogen organic 
carbon, respectively.  The spectra found in A), as well as NOC in B), 
represent sub-micron (< 1 µm) carbonaceous particle types.  The 
spectra found in B), excluding NOC, represent inorganic particle 
types, and Ca and AlSi dust, and NaK particles were super-micron 
(> 1 µm) in size.  Source: Moffet.28 
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In another ATOFMS study, super-micron soil particles were evaluated, and scans 

showcased the complex speciation of single soil particles.29  Negative and positive ion 

mass spectra from single particle scans of suspended mountain soils indicated presence 

of common elements found in mineral oxides, e.g., sodium, aluminum, potassium, iron, 

manganese, lead, and silica; simple salt minerals, e.g., chloride; OM, e.g., carbon, 

hydrogen, and cyanide; and finally nitrate, suggesting the possibility of secondary 

particle processes. 

Particulate matter originating from marine aerosols is another particle type 

formed with a vast array of compositions.  These particles are composed of a variety of 

cations, e.g., Na+, Ca2+, Mg2+, K+, and anions, e.g., SO4
2-, Cl-, evaporite deposit minerals, 

e.g., glauberite (Na2Ca(SO4)2) and bloedite (Na2Mg(SO4)2), and OM.30-32  Gas phase 

HNO3 can react with marine salts such as NaCl, subsequently displacing Cl- with NO3
-.30  

Aliphatic-rich organics are generally found in the sub-micron marine aerosol particles, 

whereas oxygen-rich organics are found in the super-micron.32  Mechanistically, two 

types of aerosols are formed when bubbles burst at the air-water interface: film drops 

and jet drops.32  Film drops are formed at the interface and release sub-micron aerosols, 

whereas jet drops may originate below the interface and release super-micron aerosols.  

Aliphatic rich organics exist on the surface of marine water, and water soluble organics 

are underneath the water-air interface, which explains their presence in the 

aforementioned size fractions.   

Marine aerosols can also coalesce with other airborne particles.  For example, 

Andreae and coworkers described silicate particles as internally mixed among marine 

aerosol particles.30  The authors suggested the presence of silicate was from cloud-

related processes such as droplet coalescence, rather than the re-entrainment of dust 

particles onto the ocean surface or agglomeration from collisions.  In their scanning 

electron microscopy images, marine aerosol particle types containing silicates were 

shown.  These particles were visible as agglomerates, because silicates were clearly 

distinct from other solids, e.g., NaCl, CaSO4, evaporate crystals, but they appeared to be 

held together by salt bridges. 
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Not surprisingly, PBW is strongly associated with marine aerosol particles.  

However, this association is not only due to its presence in the source, but also from its 

affinity to hygroscopic components such as inorganic salts.31  Furthermore, PBW 

presence is not limited to marine sourced particles.  Any particles with hygroscopic 

content, especially under atmospheric conditions with high relative humidity, contain 

PBW as well.  As mentioned, the amount of PBW water detected in select cities 

throughout Canada was highest in locations with large amounts of ASO4, a hygroscopic 

inorganic salt, and high relative humidity.19  Generally, particles containing inorganic 

salts are more hygroscopic and particles with OM are less hygroscopic.31  However, 

Saxena and Hildemann observed that the total hygroscopic property of inorganic 

particles were altered both positively and negatively when organics were also present.33  

The authors witnessed diminished water absorption at an urban location and increased 

absorption at a nonurban location, presumably due to the presence of hydrophobic 

primary organic aerosols and hydrophilic secondary organic aerosols, respectively.  

PBW is another component frequently detected in multi-compositional particles, and is 

largely dependent on hygroscopic properties of particle compositions and the relative 

humidity of the atmosphere. 

Selectively measured species of biological origin are routinely bound with other 

suspended particles.  Airborne bacteria are usually emitted as a bacterial agglomerates, 

either as a single entity or attached to soil and leaf fragments.34  These aggregations are 

typically found in coarse fraction particles.  However, fragments of bacteria, e.g., 

endotoxin, or pollen, can adsorb onto the surface of PM2.5.11  Viruses, algae, and 

biological crust aerosols are also suggested to co-exist with other airborne species.34  

Finally, phytoplankton blooms can lead to high organic content in salt-laden marine 

aerosol particles.32 

In summary, PM heterogeneity extends to single particles, and a single particle 

can contain several different species.  These observations are a result of internal mixing 

within the source material and/or from atmospheric processes such as coagulation, 

droplet coalescence, and precipitation of secondary species from gas phase precursors.   
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1.8. Global Particulate Matter Levels 

Increased exposure to PM increases risk for adverse health effects and 

premature mortality, but what are PM levels on a global scale?  Which nations are 

exposed to the highest levels of PM?  Van Donkelaar and co-workers mapped global 

estimates of ambient PM2.5 concentrations derived from satellite instruments and 

averaged from years 2001 through 2010 (Figure 1.6).9  Desert regions showed high 

PM2.5 activity; the Sahara in Northern Africa, Arabian in Saudi Arabia, Thar along the 

border of Pakistan and India, and Taklamakan in Northwest China all exhibited high 

levels of PM2.5 (> 50 μg m-3).  However, Eastern China and Northeast India, locations 

where the climate is less arid, revealed the highest levels of PM2.5, and were influenced 

by a combination of high population density and industrial activity.  On average, it was 

reported that large populated regions in Northern India and Eastern China were 

estimated to have exceeded mean annual PM2.5 concentrations of 60 μg m-3 and 80 μg 

m-3, respectively.   

The authors also mapped (inset in Figure 1.6) and tabulated population-weighted 

ambient PM2.5 mean concentrations from 2001-2010 for defined regions, e.g., global, 

Canada and the U.S., East Asia, and Australasia.  The global population-weighted mean 

for ambient PM2.5 was reported as 26.4±21.4 μg m-3 for these years.  Regional values 

ranged from 3.0 μg m-3 in Australasia to 50.3 μg m-3 in East Asia.  Canada and the U.S., 

and Western Europe had among the lowest levels of PM2.5 at 9.9 μg m-3 to 13.5 μg m-3, 

respectively. 
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Figure 1.6: Global estimates of averaged PM2.5 concentrations using satellite 
derived data sets from 2001 through 2010.  Inset map displays 
regional population-weighted mean concentrations.  Source: van 
Donkelaar.9 

1.9. Agency Guidelines for Particulate Matter 

The World Health Organization (WHO) air quality guideline (AQG) for PM10 is 20 

μg m-3 and is based on an annual mean concentration.8  The WHO suggests that a 

decrease in PM10 from 70 µg m-3 to 20 μg m-3 would result in a 15% reduction in 

long-term mortality risk.8  Analogous numbers for PM2.5 are half of that, i.e. from 35 µg 

m-3 to 10 μg m-3.  To reduce short-term exposure, there are also AQGs for annual 

24-hour means (and their 99th percentiles); specifically 50 µg m-3 and 25 µg m-3 for PM10 

and PM2.5, respectively.  Note: an nth percentile refers to the concentration 

corresponding to the nth highest 24-hour concentration.35 

Government agencies have their own national guidelines for reduction of PM.  In 

Canada, the Canadian Council of the Ministers of the Environment adopted Canada 

Wide Standards for PM2.5 in 2000.36  The goal was to have nationwide PM2.5 levels 

below 30 µg m-3 by the year 2010 based on concentrations from 24-hour averaging (98th 

percentile) and averaged over three years.  Since 2013, Canada adopted even more 

stringent objectives for PM2.5 known as the Canada Ambient Air Quality Standards 
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(CAAQS).38  These standards require 24-hour averaging (98th percentile) averaged over 

three years, but also include annual averaging, again, averaged over a three year 

period.  Specifically, the standards are 28 µg m-3 and 27 µg m-3 based on 24-hour 

averaging by years 2015 and 2020, respectively, and 10 µg m-3 and 8.8 µg m-3 based on 

annual averaging by 2015 and 2020, respectively.  Therefore, the CAAQS for 2015 for 

PM2.5 is equivalent to the WHO guideline for annual averaging, i.e. 10 µg m-3, but slightly 

higher for 24-hour averaging, i.e. 28 versus 25 µg m-3.  Other nations have their own PM 

objectives, and guidelines vary between nations.  For example, Canada does not have 

objectives for PM10.  Yet, annual averaging for PM2.5 is now commonly measured in 

many countries, including Canada.  Annual averaging for PM2.5 for the WHO, European 

Union, and select countries have been summarized in Table 1-1.  Note: the listed PM2.5 

standards roughly reflect current PM2.5 levels for the varying nations. 

Table 1-1: Annual PM2.5 Standards as Produced by Select Agencies 

Agency/Country Most Recent 
PM2.5 Standard 

Year 
Adopted Additional Information 

World Health 
Organization8 10 µg m-3 2005 Suggest 35 µg m-3 PM2.5 has an associated 15% 

increase in mortality risk relative to 10 µg m-3 
Canada37 10 µg m-3 2015 Further reduction to 8.8 µg m-3 in 2020 

United States of 
America 

12 µg m-3 
2012 

‘Primary’ standard for public health protection; 
e.g., sensitive populations 

15 µg m-3 ‘Secondary’ standard for public welfare protection; 
e.g., visibility 

European Union 25 µg m-3 2008 

Additional standards include an exposure 
concentration obligation of 20 µg m-3 by 2015 

and a maximum national exposure 
reduction of 0-20% by 2020 

China 
15 µg m-3 

2016 
‘Class 1’ standard for special areas; 

e.g., national parks 
35 µg m-3 ‘Class 2’ standard for all other areas 

India 40 µg m-3 2009 Monitored at select locations in major cities 
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1.9.1. Environmental Protection Agency’s Menu of Control 
Measures 

The EPA has an analogous program to the Canada Ambient Air Quality 

Standards (CAAQS) in the National Ambient Air Quality Standards (NAAQS).  A 

significant difference between the two programs is that penalties can be imposed on 

states that do not obtain concentrations below the NAAQS, whereas the objectives set 

by the CAAQS are voluntary.  To assist in the reduction of PM, and therefore abide by 

the EPA’s rules and regulations, the EPA has released a Menu of Control Measures.43  

Numerous source categories are listed, which have information on various emission 

reduction control measures and their control efficiency and cost effectiveness.  Some 

examples of PM source categories include cement manufacturing, electric generation, 

fireplaces and unpaved roads.  Control measures for unpaved roads, for example, 

include dust suppression application, limiting the maximum speed on unpaved roads, 

and paving unpaved roads and parking lots in urban areas. 

1.10. Trends in Particulate Matter Levels 

Global and regional population-weighted ambient PM2.5 trends were reported 

using data from 1998-2012.9  Estimated global concentrations increased 0.55 μg m-3 yr-1 

during this period.  Some developing nations attributed to this global change, despite 

decreasing PM2.5 levels in some developed nations.  East and South Asia had the 

highest increase of PM2.5 at 1.63 μg m-3 yr-1 or 3.2% and 1.02 μg m-3 yr-1 or 2.9%, 

respectively.  Conversely, the levels in Western Europe, and Canada and the U.S. 

decreased 0.25 μg m-3 yr-1 or 1.9% and 0.33 μg m-3 yr-1 or 3.3%, respectively. 

Those trends were fairly consistent with data from government agencies.  In 

Canada, PM2.5 dropped 23% nationally when comparing 2000 and 2010 annual 

concentrations.44  Additionally, during the years 2001 to 2003, approximately 30% of 

Canadians were in locations above the previous target concentration of 30 µg m-3, 

whereas in the years 2010 to 2012, only 2% of Canadians were in locations above the 
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target concentration.45  In the USA, national and regional trends for PM2.5 levels 

generally decreased from years 1999 to 2007.18  The national trend dropped 10% during 

these years, and decreased the most, i.e. 25%, for the region encompassing California, 

Arizona, Nevada and Hawaii.  Data for PM2.5 is somewhat limited in the European Union 

as there is a need for an increase in PM2.5 monitoring stations.23  However, it was 

observed that PM2.5 levels generally decreased for traffic and industrial stations and 

increased for rural and urban locations during years 2006-2011.  Furthermore, PM10 

levels have shown a decrease for countries of the European Union.  During the years of 

monitoring from 2002-2011, only 2% of the European Union sampling locations had an 

observable positive trend, and most of the stations decreased by more than 1 µg m-3 yr-1.   

Temporal data on PM2.5 levels is limited in China as nationwide monitoring of the 

pollutant will not be phased in until 2016.  However, there is information on PM10 levels.  

Total suspended particles and PM10 (phased in around 2000) in five Chinese cities: 

Beijing, Shanghai, Taiyuan, Tianjin, and Xian all declined from years 1986 to 2006.46  A 

similar review, conducted by Chan and Yao, reported on five megacities in China 

including Beijing and Shanghai, as well as Guangzhou, Shenzhen and Hong Kong from 

the Pearl River Delta.47  Annual PM10 levels were determined from corresponding 

municipal reports, e.g., Beijing Environmental Bulletin.  In Beijing, PM10 levels were 

reduced from 180 µg m-3 in 1999 to 142 µg m-3 in 2005.   

Reports on PM10 levels beyond the date of the Chan and Yao publication were 

located to include more recent data.  It was found that since 2005, PM10 generally 

continued to drop on an annual basis in Beijing, and measured 109 µg m-3 in 2012.  A 

similar trend in Shanghai was observed from 1996 through 2005 (as reported by Chan 

and Yao), and a visit to the Shanghai Environmental Bulletin suggests this trend has 

continued.  The 2012 PM10 level in Shanghai was 71 µg m-3, which barely eclipsed the 

national guideline of 70 µg m-3, and was almost half of the 124 µg m-3 value reported in 

1996.  The three megacities in the Pearl River Delta did not appear to decrease from 

1999 to 2005.  Average PM10 levels from monitoring stations across the Pearl River 

Delta during subsequent years, i.e. 2006 through 2012, decreased from 74 µg m-3 to 

56 µg m-3.50  Guangzhou, the largest city in the area, had a slight decrease in PM10, i.e. 

from 76 µg m-3 to 69 µg m-3 during these years.  Note: values for the Pearl River Delta 
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were averages from a monitoring network in major urban locations from the region 

including Guangzhou.  PM10 data obtained from municipal reports from 2006 through 

2012 from Chinese megacities Beijing, Shanghai, and Guangzhou were plotted in Figure 

1.7. 

While PM2.5 monitoring in China is currently at a preliminary stage, the United 

States Department of State Air Monitoring Program released unofficial, i.e. not fully 

verified or validated, hourly PM2.5 levels in spreadsheet format from the U.S. Embassy 

monitoring sites in Beijing, Shanghai, and Guangzhou.  Only data marked valid was 

selected and hourly measurements were averaged annually and compiled in Figure 1.7.  

Based on this limited information, PM2.5 levels at these monitoring sites do not appear to 

have a trend, but were well above the national guideline of 35 μg m-3. 

 

Figure 1.7: Average annual PM10 and PM2.5 levels in Chinese megacities Beijing, 
Shanghai, and Guangzhou as obtained from municipal reports and 
U.S. Embassy monitoring sites, respectively.  Note: 2014 Guangzhou 
PM2.5 overlaps 2014 Shanghai PM2.5. 
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In another study, ambient PM2.5 concentrations from 2004 to 2013 were 

estimated for China using satellite data and evaluated using ground observations.53  A 

mean increase of 0.22 µg m-3 yr-1 was observed in China during these years.  However, 

PM2.5 may be decreasing in recent years.  A 0.46 µg m-3 yr-1 decrease was estimated 

through years 2008 to 2013, as opposed to the 1.97 µg m-3 yr-1 increase reported for 

years 2004 to 2007.  Additionally, levels in Beijing were shown to reflect these 

observations.  In any case, it will be interesting when more data for annual PM2.5 levels 

in China surfaces. 

1.11. Overview of the Human Respiratory System 

The human respiratory system is composed of upper, lower, and distal 

respiratory tracts.54  Major passages and structures of the upper respiratory tract include 

the nose, mouth, nasal and oral cavities, the throat (pharynx), and voice box (larynx).  

Collectively, they are known as the extrathoracic (ET) region.  The lower respiratory 

tract, or the tracheobronchial (TB) region, starts as a single airway known as the 

trachea.  The trachea splits into two main primary bronchi, and continues to branch into 

secondary and tertiary bronchi, and into smaller airways known as bronchioles.  

Terminal bronchioles complete the morphology of the TB region.  The bronchiolar 

region, a sub-category of the TB, includes the bronchioles and terminal bronchioles.  

The distal respiratory tract, also known as the acinar region and alveolar region, begins 

with respiratory bronchioles.  Respiratory bronchioles stem from the terminal bronchioles 

and contain some alveoli along their walls.  They split into alveolar ducts, which 

terminate in clusters of alveolar sacs.  A thin-layered, yet dense capillary network stems 

from pulmonary arterioles and venules and is intertwined about the alveolar sacs, and is 

known as the interstitial region.  Together, the alveolar and interstitial regions are aptly-

named as the alveolar-interstitial region, and it is here where the exchange of gases to 

and from the circulatory system takes place.  The branching design of the lungs 

maximizes surface area, corresponding to maximum gas exchange.  A schematic of the 

human respiratory system can be observed in Figure 1.8. 
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Figure 1.8: Schematic of the Human Respiratory System.  Source: U.S. EPA and 
Bair.12, 207 

1.11.1. Cells within the Tracheobronchial Region 

Cells that make up the complex, pseudostratified epithelium of pulmonary 

airways include ciliated, secretory, and basal cells.55  The epithelium is covered by an 

airway surface liquid (ASL) having a depth of approximately 5 to 20 µm.56  The ASL is a 

bilayer composed of low viscosity periciliary fluid, and a viscous mucus layer that rests 

atop the periciliary layer.56  Cilia are hair-like structures that extend from the surface of 
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cells to the mucus layer.  They have a directional rhythmic beating motion that serve to 

coordinate fluid and mucus.  Together with submucosal glands, ciliated cells and 

secretory cells secrete mucins and host-defense proteins in the ASL bilayer.57  Mucins 

form biophysical rafts that trap and transport inhaled irritants out of the airways with the 

help of beating cilia.  This combined process is known as the mucociliary elevator (or 

mucociliary clearance).  Mucus from the lower respiratory tract is transported into the 

gastrointestinal tract via the throat/esophagus.  There is very little mucus present in the 

deepest bronchi.58  In fact, mucociliary characteristics are not found in the alveolar 

region.  Finally, basal cells are epithelial anchors that can proliferate into other epithelial 

cells.55 

1.11.2. Cells within the Alveolar Region 

The three main cell types in the alveolar wall are pneumocyte types I and II, and 

alveolar macrophages.54  Type I pneumocytes are thin epithelial cells that line the 

alveolar wall and cover a majority (~95%) of the alveolar surface.  Their thin structure 

facilitates facile permeation of gases to and from the bloodstream.  Type II pneumocytes 

are surfactant-secreting epithelial cells.  The secreted surfactants are a complex mixture 

of phospholipids and proteins59 that primarily serve to reduce the surface-tension of the 

thin layer of alveolar surfactant film coating the cells, subsequently maximizing gas 

exchange.  Furthermore, Type II pneumocytes can regenerate Type I pneumocytes lost 

to damage.57  In other words, Type II cells are progenitors of Type I cells. 

Alveolar macrophages possess a highly endocytic and microbicidal potential.59  

Their main role is to keep alveolar surfaces clear from contamination by providing 

endocytic defence (endocytosis) against invasive agents.  Endocytosis is the action of a 

cell internalizing foreign material by surrounding and engulfing it into a cellular 

compartment known as the phagosome.  Phagosomes fuse with lysosomes to form a 

phagolysosome, a cellular compartment of low pH that contains hydrolytic enzymes as 

well as reactive oxygen and nitrogen species, which serve to eliminate ingested foreign 

material.  If macrophages are unsuccessful in eliminating foreign material, they have the 

capability of recruiting more and/or other cells of the non-specific immune defense 
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system and can do so in two different ways: through local replication and via 

chemotactic attraction.  The latter is described by the migration of leukocytes (white 

blood cells) via concentration gradients of cytokines aptly named chemokines.  Initially, 

type II pneumocytes were used as the cultured cell in this thesis.  Macrophages, 

differentiated from monocytes, were later added to the epithelial cell line to provide a 

more responsive cell culture model that can be viewed as a better mimic of in vivo lung 

tissue. 

1.12. Immune Response as it applies to the Inhalation of PM 

1.12.1. Particle Clearance 

What events are set in motion when an individual inhales a population of 

particles?  How does the immune system remove invasive particles?  Particles deposit 

across the respiratory tract, and as such, are subject to different clearance rates and 

mechanisms.  Particles are removed from the lungs in three major ways: via the 

mucociliary elevator, by alveolar macrophages, and by translocation across the epithelial 

layer.60  Mucociliary actions are found in the ET and TB regions, and particle clearance 

via macrophages dominates the alveolar region.61  Translocation to the circulatory 

system occurs in the alveolar region, but is limited to ultra-fine particles and soluble 

compounds.62   

Particulate matter is a complex heterogeneous mixture composed of soluble and 

insoluble fractions.  Barring any major interactions with the insoluble component, water 

or lipid soluble compounds are readily dispersed and diluted throughout the ASL upon 

deposition.  ASL production is relatively high; gland secretion in the trachea can amount 

to ~60 μL cm-2 hr-1,56 and its transport out of the pulmonary system via the flow of mucus 

material into the gastrointestinal tract dilutes the soluble fraction further.  However, 

continuous exposure to PM composed of soluble compounds will achieve a steady state, 



 

29 

increasing the risk for adverse health effects, particularly for reactive soluble 

compounds.   

Clearance of insoluble particles happens in two phases: rapid and slow.  It was 

originally thought the rapid phase was exclusive to the TB region and the slow phase 

was exclusive to the alveolar region.  It was suggested the prompt removal of particles in 

the bronchioles was due to mucociliary clearance mechanisms, whereas the absence of 

mucociliary characteristics in the alveolar region required slow clearance via 

macrophages.63  Presently, there is evidence suggesting the TB also has slow-phase 

particle clearance; possible mechanisms include variable mucus flow, particle uptake by 

airway macrophages, and/or deposition into the periciliary layer and away from the more 

efficiently-cleared mucus layer.64   

Rapid phase particle clearance has a half time of a few hours and is complete 

within about a day, whereas the half time for the slow phase is less than 100 days for the 

TB region and greater than 100 days for the alveolar region.64  Therefore, some particles 

may not be removed by alveolar macrophages for several years.65  Epithelial cells can 

internalize PM as well, but are significantly less effective than macrophages.66  

Moreover, particle clearance is inversely related to particle size.  Since the slow phase is 

predominately found within the alveoli and smaller particles have a higher capacity of 

reaching the alveoli, the smaller the particle size, the greater the probability of longer 

retention.  In a comparison of multiple studies that exposed varied sizes of traceable 

Fe2O3 particles to healthy human adults, 24 hour particle retention was measured at 

24% for particles with a mean diameter of 5 µm,67 50% with 2.0 µm Fe2O3 particles,61 

and 90% for 1.3 µm Fe2O3 particles (at 48 hours).68  Moreover, approximately 10% of the 

2.0 µm Fe2O3 particles were retained 250 days post inhalation.  In summary, a vast 

majority of inhaled particles are removed from the TB within hours and only a small 

amount of particles remain for more than 100 days, whereas the majority of particles that 

reside in the alveolar region remain for hundreds of days. 
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1.12.2. Oxidative Stress and Reactive Oxygen Species 

Oxidative stress can alter various biological structures including cell membranes, 

lipids, proteins and nucleic acids, and is caused by reactive oxygen species (ROS).69  

ROS are produced in metabolic pathways and are involved in enzymatic reactions, 

activating nuclear transcription factors, and the endocytic and antimicrobial actions of 

macrophages.70  ROS include oxygen radicals hydroxyl (OH·), superoxide (O2
·-), and 

oxyl/peroxyl/hydroperoxyl (RO·, RO2
·, HO2

·) radicals, and non-radical oxidizing agents 

such as hydrogen peroxide (H2O2), hypochlorite (HOCl), and ozone (O3) that are easily 

converted into oxygen radicals.70  To maintain redox balance, the ASL contains 

antioxidants such as mucin, uric acid, albumin, ascorbic acid, α-tocopherol, and 

glutathione.71 

Inhalation exposure to particles containing ROS can offset the equilibrium 

between biological ROS and antioxidants, resulting in oxidative stress in the lungs.  An 

example of a particle type that contains ROS is freshly fractured silica.  Surface radicals 

of freshly fractured silica include -SiO· and -Si·.72  ROS are also formed from interactions 

between PM and compounds within the ASL.  For example, -SiO· can react with water to 

form OH·.72  OH· can also form via the Fenton mechanism involving the reaction between 

iron (Fe2+), or other oxidized heavy metal cations, with H2O2.73  In a recent study, ROS 

generation was strongly associated with sources of atmospheric PM2.5 and adverse 

health outcomes (asthma and congestive heart failure hospitalizations).74 

1.12.3. Particle-Induced Inflammation 

Inflammation is a localized biological response and an important form of innate 

immunity in response to PM exposure.  As previously mentioned, there are clearance 

mechanisms that combat particle exposure including the transport of particles via the 

mucociliary elevator and endocytosis of particles by alveolar macrophages and, to a 

lesser extent, epithelial cells.  However, under heavy assault, these systems are 

overwhelmed and inflammation ensues.  
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Basic mechanisms of inflammatory response are described as it applies to the 

interactions between inhaled particles and alveolar macrophages.  Upon deposition of 

particles into the alveolar region, PM is identified by pattern recognition receptors 

(PRRs) on the surface of alveolar macrophages.66  Macrophage Toll-like receptors 

(TLRs), e.g., TLR-4, recognize specific motifs from bio-aerosols, known as pathogen-

associated molecular patterns (PAMPs), whereas macrophage scavenger receptors 

(SRs), e.g., SR-A, identify non-biological particles.66  TLRs and SRs are appropriately 

classified as signalling and endocytic PRRs, respectively.  However, endocytic PRRs 

such as SR-A are also involved in intracellular signalling.  Furthermore, as TLRs are 

limited to intracellular signalling, biological materials recognized by TLRs are 

endocytosed through the activation of endocytic pathways via additional receptors such 

as the Fc receptor.66  Finally, activation of TLRs lead to an increase in cytokine 

production (details below), whereas activation of SR-A has been shown to reduce 

cytokine production.  However, PM exposure can increase oxidative stress resulting in 

oxidized resident biological molecules, e.g., phospholipids in the alveolar surfactant film, 

which are considered as danger-associated molecular patterns (DAMPs) and have also 

been shown to activate TLR pathways.66  The stimulation of TLRs leads to the activation 

of transcription factors including nuclear factor (NF)-κB.66  NF-κB plays a role in 

regulating gene expression for many cellular mediators including cytokines.75 

Cytokines are small, secreted proteins important in cell signalling,76 and well-

studied cytokines include tumor necrosis factor-alpha (TNF-α) and interleukins (ILs): IL-6 

and IL-8.  The specific roles of the various cytokines differ as it applies to pulmonary 

inflammatory response, but, in general, they serve to stimulate the proliferation, 

recruitment, and transport of leukocytes into the lungs.66   IL-8 chemotactically (migration 

via concentration gradient) directs neutrophils, a type of leukocyte with endocytic 

properties, to the site requiring assistance, e.g., alveolar region.77  IL-6 has a wide range 

inflammatory activities including neutrophil and monocyte recruitment, up-regulation of 

adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), and promotion 

of macrophage differentiation.78  TNF-α has a positive feedback loop with NF-κB as it is 

suggested to partake in the activation of the transcription factor,79 but it too is released 

upon NF-κB activation.66  This cytokine is also involved with the up-regulation of 

adhesion molecules.80  Adhesion molecules such as the aforementioned ICAM-1 
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facilitate the migration of leukocytes, e.g., neutrophils, to sites of inflammation, e.g., 

alveolar region, which serve to further reduce/eliminate harmful material.80 

Respiratory epithelial cells are also involved in inflammatory pathways upon 

inhalation exposure to PM.  In many cases, alveolar epithelial cells and alveolar 

macrophages work together to modulate harmful material.  For example, surfactant 

proteins (SPs) SP-A and SP-D are highly expressed by Type II alveolar cells.  These 

host-defense proteins bind to carbohydrate surfaces found on surfaces of foreign 

biological material, subsequently amplifying recognition by PRRs found on alveolar 

macrophages.57  Furthermore, many of the inflammatory pathways involving alveolar 

macrophages are also found in respiratory epithelial cells.  For example, TLR-4 and 

transcription factor NF-κB are expressed by respiratory epithelial cells including Type II 

alveolar cells.57  Secreted cytokines, resultant of NF-κB up-regulation, can cross-signal 

between alveolar epithelial cells and alveolar macrophages resulting in enhanced 

inflammatory response.81  Finally, respiratory epithelial cells are also capable of 

endocytosis, but are significantly less efficient relative to alveolar macrophages.82 
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Figure 1.9:  Detection of PAMPs and DAMPs via PPRs (e.g., TLR-4) in respiratory 

epithelial cells leading to ROS production, activation of signalling 
pathways (e.g., NF-κB), and subsequent release of signalling 
proteins (e.g., cytokines) that recruit and activate cells of the 
immune system (e.g., granulocytes).  Source: Adapted by 
permission from Macmillan Publishers Ltd: [NATURE 
IMMUNOLOGY] (Whitsett, J. A.; Alenghat, T., Respiratory epithelial 
cells orchestrate pulmonary innate immunity. Nat. Immunol. 2015, 16 
(1), 27-35), copyright (2015).57 

Note: acronyms listed in Figure 1.9 that are not defined in Section 1.12, e.g. HMGB1, RAGE, etc., 
are defined under the List of Acronyms section.  

1.12.4. Progression of Inflammation to Disease 

Perhaps ironically, prolonged inflammatory response is believed to have a key 

role in the pathogenesis of several diseases.  When over-stimulated, the biological 

response used to eradicate harmful PM can have a detrimental effect on human health.  

For example, one of the proposed mechanisms as to how PM enhances atherosclerosis 

is through the increased levels of inflammatory mediators.83  Atherosclerosis is a disease 

that involves lipid accumulation in the artery wall, which can lead to further complications 

such as myocardial infarction and stroke.84  Normally blood leukocytes such as 

monocytes do not adhere to arterial endothelial cells.84-85  However, expression of 

adhesion molecules, which are stimulated by mediators in response to PM,83 bind 

monocytes through coordinate ligands and transport them into the tunica intima layer of 
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the artery wall.84-85  In the artery wall monocytes differentiate into macrophages.84  Low 

density lipo-protein particles also transport into the intima and are endocytosed by 

macrophages.  This process yields lipid-laden macrophages that are referred to as foam 

cells.84  Smooth muscle cells stimulated to proliferate as well as recruited from outside of 

the intima through mediators.84  Smooth muscle cells excrete extracellular matrix 

molecules and form a fibrous cap on the surface of the intima.  Extracellular lipids and 

cellular debris from cells that have died in the region form a lipid-rich pool known as the 

necrotic core of the plaque.84  The agglomeration of the aforementioned cellular matrix is 

known as an atherosclerotic plaque.  Plaque rupture is triggered by a weakened fibrous 

cap through alterations in extracellular matrix metabolism.  The rupture causes 

thrombosis, or blood coagulation involving platelets, which impedes blood flow, and can 

increase risk for cardiovascular disease.84-85 

1.13. Methods of PM Exposure for In Vitro Studies 

Most in vitro PM studies dose cell cultures with particles sampled from the 

troposphere or particles of a single composition representative of a particle type found in 

the atmosphere.  These particles are suspended in culture medium before applying to a 

cell culture.  A dose of sampled PM gives information on cellular response generated by 

the entirety of materials in that PM.  In contrast, a dose of particles of a single compound 

yields information on the ability of PM of particular composition to generate cellular 

response. 

However, PM is almost always a complex mixture and PM heterogeneity extends 

to a single particle.  Physical and chemical interactions between compositions may affect 

cellular response, negatively or positively, but such controlled multi-compositional 

studies are currently lacking.  Dosing cells with pre-treating particles, soluble compounds 

adsorbed onto the surface of insoluble compounds, and dosing cells with particles of 

multiple compositions within a single suspension have been studied.86-87  However, 

these approaches do not accurately represent particles and/or interactions to those 
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found in the atmosphere.  Hence, there is a need for dose-response strategies to deliver 

particles with multiple controlled compositions. 

1.13.1. In Vitro PM Deposition Models 

There have been a wide variety of aerosol generation apparatuses developed for 

in vitro PM exposure.  Some were developed with a design focus to deliver artificially 

generated PM or collected PM such as dust generators.  For example, Teague and 

co-workers developed a dust generator for in vitro studies capable of delivering PM2.5 

within an exposure chamber at 100-1000 µg m-3 per hour.88  The rationale for choosing 

this particle concentration range was to obtain doses more consistent with multi-day 

exposures.  Other apparatuses are capable of concentrating and depositing PM straight 

from air directly onto cultured cells.  For example, an in vitro electrostatic condenser 

developed by Sillanpää and co-workers is capable of concentrating ultrafine, fine, and 

coarse fractions by factors up to 80-100 times, and allows direct, solvent-free delivery 

onto cell cultures 89   

Aerosol generation apparatuses that deliver specific particle sizes have also 

been developed.  To deliver ambient particles within the coarse fraction, Chang and co-

workers developed a coarse-mode particle concentrator capable of enriching ambient 

coarse particles up to a factor of 26±5.90  Similarly, Chen and co-workers developed an 

exposure system capable of delivering sulphuric acid aerosols to cultures within fixed 

size ranges for particles larger than 0.7 µm.91  For instance, the authors reported a 

median size diameter of 2.10 µm for particles using size diameter cut-offs at 1.82 µm 

and 2.24 µm.   

Apparatuses capable of delivering nanoparticles include the Cyto-TP, a thermal 

precipitator that can concentrate ambient particles in the size range of 10 to 300 nm,92 

and an air-liquid interface cell exposure system (ALICE), which uses cloud settling and 

single particle deposition for exposure and delivers nanoparticles onto the air-liquid 

interface of cell cultures.93  ALICE is capable of delivering nanoparticle surface 

coverages at a dynamic range of 0.02 to 200 µg cm-2, and at controlled compositions.  In 
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the original study, ALICE was used to deliver zinc oxide, gold, and carbon black 

nanoparticles, as well as soluble sodium chloride onto human lung cell cultures.  In 

principle, cell exposure systems that dose at the air-liquid interface (ALI) give a more 

realistic representation of inhalation exposure when compared to exposure models that 

work with basic submerged culture techniques.   

CULTEX® provides commercially-available air-liquid interface exposure systems, 

which largely serve to maintain cell viability at an optimal temperature (37 °C) during the 

exposure period.  Exposure is predicated on what is introduced into the system.  

Therefore, anything from artificially-generated aerosols, soots, smoke, and dusts to 

indoor and outdoor air samples can be introduced into the system.  There are optional 

accessories for this system such as an electrostatic deposition device to increase 

deposition efficiency as well as a dust generator that enables the ability to generate dry 

aerosols.  In summary, there are several elaborate aerosol generation apparatuses 

developed for in vitro dose-response studies. 

1.14. Summary and Objectives of this Study 

Inhalation exposure to particulate matter (PM), a heterogeneous mixture of solid 

and liquid particles, has been strongly linked to the pathogenesis of several respiratory 

diseases and cardiovascular disease.  Identifying and targeting the most prominent toxic 

species may reduce associated adverse health effects.  In vitro dose-response studies 

are used to rapidly assess the ability of either sampled PM or particle mimics of single 

compositions to generate cellular response, thereby giving insight on total and 

compositional toxicity.  Yet, literature review suggests PM heterogeneity extends to 

single particles, and current ways of dosing typically do not address if compositional 

heterogeneity affects particle toxicity.   

The hypothesis of this thesis is: Compositional heterogeneity affects particle 

toxicity.  In other words, the cellular response generated by a multi-compositional 

particle type does not equal the summation of the responses generated by its individual 
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components.  Rather, there is an increase or decrease in cellular response.  An increase 

in response may indicate a synergistic effect through, for example, the activation of 

multiple cellular pathways, and a decrease in response may indicate an inhibitory effect 

through, for example, a reduction in bioavailability through physical interactions between 

particle compositions. 

The overall aim of this thesis was to develop an apparatus and methodology that 

can be readily and easily used to learn new information on how particle heterogeneity 

affects particle toxicity.  Performance factors that were considered, and thus guided the 

design of the apparatus included quantitation, practicality, reproducibility, and cost 

efficiency.  An ideal for this in vitro methodology was to enable important progress in the 

compound-complexity of the particle dose toward actual human particulate exposure.  

Experimental factors investigated in the process of this thesis included particle size 

distribution, particle composition, mass ratio between compositions, magnitude of dose, 

and type of cell culture.  Described is the method development (Ch. 2) and a proof-of-

concept study by incorporating the mediator TNF-α into a particle system (Ch. 3) prior to 

using the methodology to measure the effect of secondary components in a particle type 

on human lung cell co-culture responses (Ch. 4). 
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Chapter 2.  
 
Development of a Nebulizer-Spray Chamber 
Apparatus for Controlled In Vitro Particle Delivery 

2.1. Introduction: In Vitro Mimicry of PM10 Deposition in the 
Lung 

In vitro exposure models are important as they are relatively simple, robust, and 

cost efficient.  They also avoid moral implications of dosing onto live subjects as is the 

procedure in in vivo exposure models.54  Furthermore, in vitro studies are an effective 

way to provide rapid information on toxicity, yet inhalation exposure to PM is complex.10  

Therefore, it is essential that in vitro PM inhalation exposure techniques, methods, and 

models are continually developed, assessed, and improved.10, 54, 94 

Currently, most in vitro PM10 studies use methodologies that deliver particles to a 

cell culture as a particle suspension or as a solution ranging from a single composition to 

sampled atmospheric PM10 by directly introducing it into culture media.95-98  For example, 

dosing with PM10 offers information on cellular response generated by the entirety of 

PM10.  However, it is difficult to determine how individual components of a PM10 

agglomeration contribute to cellular response.  Alternatively, dosing with particles of a 

single composition can provide information on that individual composition’s ability to 

generate cellular response, but it does not yield information on how cellular response is 

affected by interactions between compositions. 
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Bridging those two limits includes the dose of multiple compositions, either by 

dosing with multiple species instantaneously, or by pre-treating, i.e. adsorbing, a 

secondary compound onto a single particle type prior to dose, or through a technique 

known as priming.  In priming, cells are subject to a composition known to stimulate 

cellular response prior to exposure to a select particle type.  These three techniques 

have been studied to a certain extent,86-87, 99  and may better approximate human 

exposure to atmospheric particles, especially for particles that contain both soluble and 

insoluble fractions.  Nevertheless, there remains a need for dose-response strategies 

that involve the fabrication and use of multi-compositional particles to better assess their 

relationship with human lung cell responses.   

To address this issue, a quantitative in vitro dose-response methodology capable 

of depositing PM10 mimics onto human lung cell cultures was originally developed in the 

Agnes Laboratory using levitation technology, specifically an electro-dynamic levitation 

trap (EDLT).100  This technology had the ability to deliver heterogeneous particles of 

defined composition that separated it from other dose-response strategies – the data 

yielded insight on how heterogeneous particles of defined composition affected cellular 

response.  However, this experimental tool had its limitations.  It was difficult to operate 

in a reproducible manner and was limited with regards to the amount of material 

delivered.  Data collection quickly turned into trials and tribulations of trying to improve 

the method.  A description of the problems encountered and changes made to improve 

the EDLT methodology are explained in Appendix A.  In the end, the EDLT apparatus 

was scrapped, and the development of a different apparatus and methodology to enable 

production of heterogeneous particles of defined composition emerged. 

The new in vitro dose-response strategy used well-established nebulizer-spray 

chamber technology.  A key goal during its development was to better simulate 

conditions resembling natural human exposure.  Particle size, particle composition, 

mass ratio between compositions, technique of delivery, cell type, and cellular readout 

were all considered.  Quantitation, practically, reproducibility, and cost efficiency were 

also prioritized.  The purpose of this chapter is to portray the development and evolution 

of the nebulizer method.  It is important to keep in mind that the nebulizer method was 

developed to a state acceptable for experimentation, but was also further modified for 
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improvement over the course of this thesis.  Therefore, the information discussed in this 

Chapter spans from early development to recent experimentation. 

2.2. Experimental 

2.2.1. Materials 

India ink (Speedball®, 3338) is a colloidal mixture containing 7-9% (v/v) carbon 

black nanoparticles approximately 20 nm in diameter and other components such as 

6-8% shellac (used as a binding agent).101  India ink was used as a source of elemental 

carbon and as a primary component of the particles.  LUDOX® TM-50 (Sigma-Aldrich, 

420778) is a colloid of amorphous silica nanoparticles at 50% wt. (calculated 

700 mg mL-1) ranging from 20 to 30 nm in diameter, density 1.4 g cm-3.  LUDOX® TM-50 

was used as a source of silica and as primary and secondary components of the 

particles.  Polyethylene glycol (PEG) (Sigma-Aldrich, 202444) at a molecular weight 

(MW) of 3,350 g mol-1 was incorporated into the particles to assist in the wettability of 

deposited particles.  FluoSpheres® (Invitrogen, F-8787), provided at 2% solids 

(calculated 21 mg mL-1) as a colloid, are polystyrene beads, density 1.055 g mL-1, 

approximately 28 nm in diameter having an estimated 180 fluorescein molecules 

entrapped within each bead.  These beads were incorporated into the particles to 

facilitate particle observation (via fluorescence microscopy) when particles were 

deposited onto cell cultures.  In one set of experiments, fluorescein sodium salt 

(Sigma-Aldrich, F6377) replaced FluoSpheres® to determine the deposition efficiency of 

particles delivered to cell cultures. 

2.2.2. Cell Cultures 

A549 cells (American Type Culture Collection (ATCC), CCL-185), a type II 

human alveolar epithelial cell line, were used as the monoculture.  A549 cell cultures 

were grown on ‘Cell+’ 6-well plates (Sarstedt, 83.1839.300) in growth medium composed 
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of F-12K medium (Sigma-Aldrich, N3520), which included 10% (v/v) fetal bovine serum 

(Invitrogen, 12483020). 

THP-1 cells (ATCC, TIB-202) are a human blood monocyte cell line and were 

cultured in growth medium composed of Roswell Park Memorial Institute (RPMI) 1640 

medium (ATCC, 30-2001), 10% (v/v) fetal bovine serum and 0.05 mM 2-

mercaptoethanol (Sigma-Aldrich, M3148).  To differentiate into macrophages, THP-1 

cells were treated with 200 nM phorbol myristate acetate (PMA) (Invitrogen, TLRL-PMA) 

and incubated for 48 hours.  These differentiated cells will be referred to as THP-1* cells 

henceforth.  Co-cultures were comprised of A549 cells and THP-1* cells at a 15:1 ratio.  

For a detailed procedure used to grow co-cultures, see Section 4.3.3. 

2.2.3. General Procedure of Generating and Depositing Particles of 
Defined Composition onto Human Lung Cell Cultures via the 
Nebulizer-Spray Chamber Apparatus 

The basic procedure of generating and depositing particles onto human lung cell 

cultures is described.  For a more thorough description of the most recent iteration of the 

entire nebulizer method, see Section 4.3.  Briefly, a starting mixture containing 

suspended nanoparticles with or without additional soluble components was transported 

towards a concentric nebulizer (Meinhard®, TR-50-A1) through solution tubing at a 

controlled rate (15 µl min-1) using a infusion pump (Harvard Apparatus, 702000).  

Meanwhile, nebulant gas (extra-dry air) was applied to the nebulizer at a controlled rate 

and pressure (1 L min-1 and 50 psi, respectively) through the use of a mass flow 

controller (MKS Instruments, 1159B) used in combination with a single channel power 

supply readout (MKS Instruments, 246B).  An aerosol was generated when the starting 

mixture and nebulant gas converged at the tip of the nebulizer.  The aerosol was 

directed through a spray chamber, where de-solvation from each of the droplets took 

place resulting in particle formation.  The spray chamber exit was directed towards 

human lung cell cultures, typically grown on 6-well plates, to allow particle impact onto 

the air-liquid interface of the cell culture medium.  Particle impaction was followed by 

particle wetting and a proportion of these particles were submerged into the medium, 
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which ultimately led to the settling of particles onto the cell culture surface.  After all 

cultures were subject to set exposure periods ranging 1 to 30 min., cell cultures were 

transported to and placed in a cell culturing incubator (5% CO2, 37 °C).  The apparatus 

assembled to nebulize starting mixtures and deliver particles that are resultant from 

de-solvation of the aerosol onto cell cultures is shown in Figure 2.1. 

 

Figure 2.1: Image of the working nebulizer-spray chamber apparatus depositing 
particles onto human lung cell cultures.  (A) Infusion pump and 
syringe, (B) solution inlet tubing, (C) mass flow controller, (D) 
nebulant gas (extra-dry air) inlet tubing, (E) conventional nebulizer, 
(F) spray chamber, (G) heat lamps, (H) human lung cell cultures 
grown on  6-well plates, and (I) micrometer stand.  The entire 
apparatus was located within a certified biosafety cabinet. 
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2.2.4. Trypan Blue Assay 

Viability of the cell cultures during preliminary development was measured via 

Trypan Blue assay.  Trypan Blue is a compound used to selectively visualize cells with 

damaged membranes.  Quite simply, non-viable cells are stained blue and viable cells 

maintain their transparency.  It acts on the dye-exclusion principle.  Viable cells that 

have intact membranes actively reject the dye, whereas non-viable cells with damaged 

cell membranes do not reject transport of the dye into the cytoplasm.102   

Briefly, cell cultures were washed twice with 2 mL 37 °C 1X phosphate buffered 

saline (PBS) (Thermo Fisher Scientific, OXBR0014G).  Next, a 5% (v/v) Trypan Blue 

(T8154, Sigma) in PBS solution was applied to each culture and incubated at 37 °C for 

up to five minutes.  Finally, the cells were washed once with 2 mL PBS and kept moist 

with a final 2 mL PBS.  Images were recorded at the earliest opportunity as viable cells 

were susceptible to PBS over extended exposure.  It was later determined that fixing the 

cells with 700 µl 37 °C 4% (v/v) paraformaldehyde (Polysciences Inc., 00380-1) in PBS 

for 20 min., followed by a 2 mL PBS wash, and kept moist with a final 2 mL PBS was the 

best way to preserve the cells for subsequent imaging purposes.  Percent viability was 

estimated by observing the number of viable cells through a light microscope.  Note: the 

aforementioned volumes pertain to a single culture grown in a 6-well plate. 

2.3. Development of the Nebulizer Method 

2.3.1. Problems Maintaining Cell Viability 

During the early stages of method development, it quickly became apparent that 

the recommended nebulant gas flow of 1000 mL min-1 affected cell viability in the centre 

of the culture (Figure 2.2).  The flow was parting the apical medium to the insert walls, 

resulting in direct contact of dry air to the cells.  The resultant reduction in cell viability 

was deemed unacceptable for experimentation.  Note: air-liquid interface (ALI) inserts 
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were used at these early stages of development (hence apical medium and insert walls).  

A description of ALI inserts can be found in Appendix A under the heading ‘Incorporation 

of Air-Liquid Interface (ALI) Inserts’. 

 

Figure 2.2: An A549 cell culture grown to confluence on an air-liquid interface 
(ALI) insert and subject to the nebulizer-spray chamber apparatus at 
a nebulant gas flow of 1000 mL min-1.  Cell viability of the culture 
was tested via Trypan Blue assay.  Expanded images at the 
perimeter and middle of the cell culture represent normal (~95% cell 
viability) and 0% cell viability, respectively. 

2.3.2. Variables Controlled to Reduce Cell Death 

In an effort to reduce cell death, several variables were evaluated.  For example, 

gas flow and separation distance (chamber outlet to cell surface) were varied at 1000, 

750, 500, and 250 mL min-1 and 20, 15, 10, and 5 mm, respectively.  See Figure 2.3 for 

preliminary data using these settings.  Not surprisingly, a higher separation distance and 

a lower nebulant gas flow rate resulted in higher viability.  However, reducing the flow 

rate resulted in an increase in the deposition of unwanted large droplets. 
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Figure 2.3: Preliminary data of percent viability of A549 cells subject to the 
nebulizer-spray chamber apparatus at varied separation distances 
and nebulant gas flow rates.  Notes: 1000 mL min-1 overlaps 500 mL 
min-1 at 20 mm; 250 mL min-1 was not measured at 20 mm. 

Other variables were controlled such as shutting the sash of the bio-safety 

cabinet to reduce background airflow, removing the ALI insert from the well upon 

deposition, increasing the chamber outlet diameter, and varying cell culture confluence, 

i.e. 60/80/100% confluence and over-confluent cultures.  After struggling to maintain cell 

viability for several months, 22 experiments were performed spanning 262 cultures (data 

not shown).  It was determined that the following settings achieved the highest viability 

while maintaining optimal experimental settings: 1000 mL min-1 flow rate, 20 mm 

separation distance, bio-safety cabinet sash shut, 80% cell confluence, spray chamber 

outlet internal diameter of 27.8 mm, and not removing the inserts from the wells.  For 

instance, although a 1000 mL min-1 nebulant gas flow decreased cell viability to ~85%, it 

delivered intact particles and was therefore selected for future experiments.  While a less 
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than normal viability (95%) was not optimal, it was deemed the best approach during 

that stage of experimentation. 

However, from using the nebulizer-spray chamber apparatus with the designated 

settings, it quickly became apparent that particles were resting atop of the medium upon 

deposition and therefore not in contact with the cell surface.  The state of the 

methodology was simply not acceptable for the intended studies.  It was necessary to 

change another aspect of the method.  The methodology was re-evaluated including the 

starting material responsible for generating the particles.  In the following section, 

designed particles of high density and their preliminary testing is described. 

2.3.3. Delivery of Designed Particles to the Cell Culture Interface 

After struggling immensely with particle-cell contact and cell viability, a different 

approach was explored to improve the transport of particles to the cell surface.  The idea 

was to deposit particles with properties that would overcome the surface tension of the 

medium, subsequently resulting in improved settling of particles onto the cell surface.  

This approach was performed using normal cell culturing methods to keep cells moist 

during dose and incubation periods, which minimized issues with viability, and also 

allowed the use of regular cell culture plates and not the expensive ALI inserts.   

Originally, starting mixtures containing varying concentrations of India ink and 

FluoSpheres® were introduced to the nebulizer-spray chamber apparatus.  India ink was 

used as a source of elemental carbon, one of the major species of PM, and 

FluoSpheres® were incorporated to observe particles via fluorescence microscopy.  The 

spray chamber outlet was directed towards 30x15 mm Petri dishes containing 3 mL H2O 

(water was used for preliminary testing rather than serum-free medium due to its 

accessibility).  It was determined empirically that a starting mixture containing 5% (v/v) 

India ink and 5% (v/v) FluoSpheres® generated the most visible particles for both bright-

field and fluorescence microscopy without clogging the nebulizer.  Note: 5% (v/v) India 

ink and 5% (v/v) FluoSpheres® concentration corresponded to calculated 7.85 mg ml-1 

and 1 mg ml-1 solid content, respectively.  However, many of these particles fell apart 
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shortly after deposition.  To compensate, the spray chamber was heated by placing a 

single heat lamp as close to the external surface of spray chamber as possible.  

Particles were visibly more intact upon deposition and after incubation.  A second heat 

lamp was added later to elevate the spray chamber to a non-uniform elevated 

temperature (nuET), which measured 54 °C in the centre of the spray chamber, 34 °C at 

its exit, and 89 °C closest to the lamps. 

In addition, 2.3 mM PEG, having M.W. 3,350, was added to the starting mixture 

containing 5% (v/v) India ink and 5% (v/v) FluoSpheres®, which visibly improved the 

number of particles to settle to the well surface and the rate at which they settled.  It was 

hypothesized that along with the increased mass from the addition of PEG, it also acted 

as a wetting agent, which helped break the surface tension of the medium and allowed 

more particles to reach the cell surface.   

As determined empirically, the increased chamber temperature maintained 

particle intactness and the inclusion of PEG into the starting mixture improved particle 

settling.  These two modifications afforded notable advancements in the development of 

the nebulizer methodology.  However, the amount of material delivered to the well 

surface was undetermined.  To quantitate the number of particles to reach the well 

surface, a particle-counting technique was developed simultaneously during particle 

settling testing and is described in Section 2.3.4. 

As cells are supported in medium and not water, doses generated from a starting 

mixture containing 5% (v/v) India ink, 5% (v/v) FluoSpheres®, and 2.3 mM PEG were 

also applied to 3 mL serum-free medium in 30x15 mm Petri dishes.  Unlike the 

impressive particle settling observed when dosed onto H2O, it was almost negligible 

when delivered onto serum-free medium.  It was ultimately determined that leaving the 

samples under standard laboratory conditions resulted in the formation of a precipitate 

on the surface of the serum-free medium after overnight incubation (Figure 2.4). 
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Figure 2.4: Bright-field image of particles (generated by the nebulizer-spray 
chamber apparatus from a starting mixture of 5% (v/v) India ink, 5% 
(v/v) FluoSpheres®, and 2.3 mM PEG) and precipitate on the air-
liquid interface of serum-free medium after overnight incubation 
under standard laboratory conditions.  The white arrows indicate 
example particles surrounded by transparent precipitate. 

To avoid precipitation, samples were moved to the incubator immediately after 

deposition.  However, this re-location led to non-homogeneous distribution of particles 

across the well surface.  It appeared the motion of moving samples from Room C7076 to 

Room SBB6124 influenced suspended particles to migrate to the centre of the well/dish.  

This issue also occurred when samples were left to sit over an extended period as even 

the slightest vibrations were sufficient to cause particles to move.  Therefore, samples 

during settling efficiency testing were subject to non-homogeneous distribution across 

the cell surface with the highest particle abundance at the centre of the well.  This 

resulted in large error when determining particle count during these measurements.   

It was later determined that when particles were deposited onto wells containing 

cell cultures, the particles that settled onto the cell surface were no longer susceptible to 

centrifugal forces.  We hypothesized that the cells were interacting with the particles, 

which prevented particle movement, and resulted in a more homogenous particle 

distribution across the cell surface.  From learning this information, samples were not 
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moved until 15 minutes after dosing to enable the majority of particles to settle to the cell 

surface. 

Particle count at the well surface was anaylzed for 270 samples across 27 

experiments, and despite non-homogeneous distribution, several trends emerged.  As 

mentioned, the inclusion of PEG improved particle settling and heating the chamber 

maintained particle intactness.  Using an early iteration of the particle-counting 

technique, particle count at the well surface (well-medium interface) was determined as 

7±2% particles mm-2 for 2 min. exposure of particles generated from a starting mixture 

containing 5% (v/v) India ink, 5% (v/v) FluoSpheres®, and 2.3 mM PEG. 

Another approach to increase particle settling was the incorporation of a high 

density component.  First, 7.85 mg mL-1 and 78.5 mg mL-1 titanium dioxide (TiO2) were 

incorporated into starting mixtures containing 5% (v/v) India ink, 5% (v/v) FluoSpheres®, 

and 2.3 mM PEG.  However, the high density TiO2 (ρ = 4.23 g cm-3 - rutile) settled to the 

bottom of the syringe within minutes restricting the amount of TiO2 to reach the 

nebulizer.  The addition of 7.85 mg mL-1 TiO2 increased particle count to 12±22% 

particles mm-2, and the starting mixture containing 78.5 mg mL-1 TiO2 improved particle 

count to 44±26% particles mm-2.  However, it was unknown how much TiO2 reached the 

nebulizer orifice, and therefore the relative amount of TiO2 that went into the particles.    

Eventually, silica (SiO2; ρ = 2.20 g cm-3; amorphous) was selected, in its colloidal 

form, to replace TiO2.  The reduction in density and/or colloidal state of silica appeared 

to eliminate pre-nebulization settling.  Furthermore, SiO2 is an atmospherically-relevant 

compound,16 and is known to adversely affect human health.5  A starting mixture 

containing 5% (v/v) India ink, 5% (v/v) FluoSpheres®, 2.3 mM PEG, and 11 mg mL-1 SiO2 

yielded substantial improvement to particle count, e.g., 450±120% particles mm-2.  The 

sizable error was accounted for by the non-homogeneous distribution of particles.  A 

similar starting mixture, this time with PEG removed, reduced particle count to 170±53% 

particles mm-2, indicating the importance of the wetting agent.  A summary of particle 

count at the well-medium interface for the various starting mixtures can be viewed in 

Table 2-1.  
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Table 2-1: Particle Count for 2 min. Exposure of Particles Generated and 
Deposited by the Nebulizer-Spray Chamber Apparatus at Various 
Starting Mixtures 18 h. after Incubation at the Well-Medium Interface 

Primary 
Component 

Additional 
Components 

No. of Particles 
per mm2 

Total No. of 
Particles per 

Well 
RSD (%) 

5% (v/v) India Ink 

2.3 µM PEG 
5% (v/v) FluoSpheres® 7 7,000 26 

2.3 µM PEG 
5% (v/v) FluoSpheres® 

7.85 µg ml-1 TiO2 
12 11,000 22 

2.3 µM PEG 
5% (v/v) FluoSpheres® 

78.5 µg ml-1 TiO2 
44 42,000 26 

5% (v/v) FluoSpheres® 
11 µg ml-1 SiO2 170 160,000 53 

2.3 µM PEG 
5% (v/v) FluoSpheres® 

11 µg ml-1 SiO2 
450 430,000 120 

Note: The 5% (v/v) India ink and 5% (v/v) FluoSpheres® concentrations correspond to 7.85 µg mL-1 and 
1 µg mL-1, respectively. 

Due to silica’s favourable physical attributes, e.g., density and atmospheric 

relevancy, carbon was completely replaced by SiO2, i.e. India ink was removed from the 

starting mixture, and studies involving SiO2 particles commenced.  Furthermore, after the 

particle-counting technique was fully developed, particle count was re-visited.  Particle 

count was determined for 5 and 10 min. exposure periods of particles generated from 

starting mixtures of 11 mg mL-1 SiO2 and 5% (v/v) FluoSpheres® with and without the 

addition of 2.3 mM PEG onto alveolar epithelial cells (A549) grown on 6-well plates 

containing 2 mL serum-free medium and after 2 h. incubation (Figure 2.5).  For 

comparison, particle-cell ratio was also plotted as a secondary axis.  As previously 

discussed, the presence of cells prevented particle movement upon settling to the 

bottom of the medium (in this case cell culture-medium interface) and therefore yielded 

homogeneous particle distribution.  The result was a substantial decrease in uncertainty 

and improvement in quantitation.  From these results, it was clear the inclusion of PEG 

had a pronounced effect on particle settling.  Again, it was hypothesized that PEG 
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increased particle mass and acted as a wetting agent, which allowed a larger number of 

particles to bypass the air-medium interface and reach the cell surface. 

 

Figure 2.5: Number of silica particles with and without PEG that deposited onto 
the A549 cell culture surface 18 h. after exposure.  No. of cells 
estimated as 800,000.  No. of samples (n) = 3; reported as mean ± 
standard deviation (1σ). 

2.3.4. Particle-Counting Technique 

To quantitatively determine the number and size distribution of particles settled 

onto the surface of a cell culture, a technique was developed using an in-house script via 

multi-purpose software Vision Assistant v8.5 (National Instruments).  Briefly, three 

images were recorded at the cell culture-medium interface for each sample at 1-2 hours 

after deposition using a digital camera attached to an epifluorescence microscope with a 

filter at an emission wavelength of 515 nm.  Images were recorded at an exposure of 
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500 ms, a gain of 4.99, at 100X magnification, and a resolution of 1280 by 1024.  Red 

and blue were removed from the RGB colour model to eliminate unwanted illuminated 

pixels.  Image resolution was calibrated to its corresponding metric dimensions, i.e. 632 

µm by 506 µm, through Motic Images 3.2 and calibration slides. 

To obtain the total number of particles delivered to a single culture, the mean ± 

standard deviation (1σ) for particle count of the three images was extrapolated to the 

entire well.  Note: each 100X magnification image corresponded to 0.320 mm2.  

Therefore, the sum of the three images was 0.959 mm2, or approximately 0.1% of the 

total surface area relative to the well surface of a 6-well plate (950 mm2). 

Fluorescent imaging was utilized as it eliminated background signal from the 

cells under bright-field microscopy conditions.  Particles were observed via fluorescence 

microscopy due to the inclusion of FluoSpheres®.  Unfortunately, the high exposure and 

gain required to observe the smaller particles resulted in the presence of unwanted 

illuminated pixels.  In addition, smaller particles were not visible at higher colour 

thresholds and larger particles appeared larger than actual at smaller colour thresholds 

due to light scattering.  To circumvent these issues, the in-house script always included 

a colour threshold and particle size filters, and each image was subject to three specific 

sequential colour thresholds at controlled minimum and maximum particle size cut-offs.  

These additions to the script allowed minimal unwanted pixel count while maintaining an 

accurate particle count.  However, since some of the particles were smaller than the 

largest pixel groups, the largest pixel groups had to be removed manually. 

 Figure 2.6 demonstrates the efficacy of particle-counting using the in-house 

script via Vision Assistant.  A 515 nm fluorescent image using standard settings, i.e. 500 

ms exposure, 4.99 gain, 1280x1024 resolution, and 100-fold magnification, was 

recorded of particles containing FluoSpheres® that had previously settled onto the 

surface of a cell culture.  Particles and pixel groups were both counted manually and by 

an in-house script through Vision Assistant v8.5 across three colour thresholds.  38 

particles and 8 pixel groups were counted through manual counting.  In comparison, 

upon removal of the pixel groups manually, the software provided 37 particles, a 
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difference of 2.6%.  The one particle that did not register was larger than the maximum 

size for the smallest threshold, but not intense enough to be recognized within the 

middle threshold.  Therefore, while the software is an effective particle-counting tool, 

there was error in determining the exact number of particles in an image.  However, the 

time savings associated with the developed particle-counting technique were regarded 

as an acceptable trade-off.  Finally, each time the script was run, it gave identical results, 

so there was no need to run a threshold more than once. 
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Figure 2.6: Particle count as determined manually and through in-house scripts 
via Vision Assistant v8.5 of a 515 nm emission fluorescence 
microscopy image of a dose of silica particles containing 
FluoSpheres® on a human lung cell culture.  Image A) represents the 
original image.  Image B) was counted manually for particles and 
pixels.  Images C), D), and E) were counted using Vision Assistant 
with in-house scripts set at three thresholds controlled for colour 
intensity and pixel size.  Image F) was combined for particle and 
pixel count from the three thresholds. 
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This particle-counting technique was capable of providing a reliable particle 

number for each image, which was extrapolated to the entire culture.  Particle-cell ratios 

were obtained by combining particle count with cell count, which was determined via a 

hemacytometer (Hausser Scientific, 1492).  In addition, running each image through the 

script (three times at the different colour thresholds) was not only programmed to 

provide the particle count, but also particle size.  Therefore, after calculations, particle 

size distributions were also available.  At the time, size distribution was not of primary 

significance as only particle count was used to determine particle settling, but it later 

played an important role in determining the size distribution of silica-based particles in 

contact with a cell culture (Figure 3.2), and thus enabled commentary as to the 

relevance of this work in comparison to in vivo and epidemiology studies. 

2.3.5. Determination of Deposition Efficiency of the Nebulizer-
spray chamber apparatus 

Here, deposition efficiency is described as the amount of material delivered to a 

sample over the total amount of material to pass through the nebulizer.  Fluorimetry and 

the method of external standards were used to determine the deposition efficiency of the 

nebulizer-spray chamber apparatus.  Briefly, fluorescein sodium salt (Sigma-Aldrich, 

F6377), 500 ng mL-1 (~13 nM), was introduced into the starting mixture along standard 

components 11 mg mL-1 SiO2 and 7.85 mg mL-1 PEG.  FluoSpheres® were removed to 

avoid background fluorescence signal.  The starting mixture was nebulized at 15 µl mL-1 

and directed onto a well of a 6-well plate containing 2 mL medium for 5 or 10 minutes.  

This procedure was performed with the chamber temperature held to room temperature 

and heated to the nuET.  Samples and standards were measured via fluorimetry.  

Deposition efficiency was measured during any major changes to the nebulizer-spray 

chamber apparatus and associated methodology.  For example, calibration for 

deposition efficiency was performed during the inclusion of a new spray chamber.  As 

per linear regression analysis (see Figure 2.7), the deposition efficiencies for the 

nebulizer-spray chamber apparatus at room and elevated temperatures for the latest 

instalment of the method were 3.0±0.3% and 2.0±0.3%, respectively.  
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Figure 2.7: Method of external standards used to determine the deposition 
efficiency of the nebulizer-spray chamber apparatus at room 
temperature (RT) and the non-uniform elevated temperature (nuET).  
Each data point corresponded to a single measurement (k = 1).  No. 
of samples (n) = 6 for each temperature setting. 

In addition, chamber walls were washed twice and also measured under the 

nuET conditions.  It was determined that the first and second wash gave 16±2% and 

3±2%, respectively, for a total of 19±3%.  It is suggested the remaining content, i.e. 

79±3%, was lost to air.  These values rely on the assumption that all of the fluorescein 

leaches out from particles in solution.  If less fluorescein leaches out, the deposition 

efficiency would be higher, but only up to an estimated maximum of 9.5%.  This estimate 

is based on the fact that there was more material detected on the chamber walls than 

delivered to a sample. 
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2.3.6. Variability in Particle-Cell Ratio 

The particle-cell ratios in any given experiment were predominantly dependent 

on exposure time.  However, particle-cell ratio was not constant over the course of 

acquiring the results presented in this thesis.  There was a systematic change in the cell 

culturing procedure, which was the single largest factor that contributed to particle-cell 

ratio variability.  Another factor, prevalent across multiple experiments, was the gradual 

build-up, e.g., precipitation, of silica on the internal orifice of the nebulizer. 

In the early studies of this thesis, cell distribution for A549 monocultures across 

the well surface was often non-uniform (Figure 2.8).  The issue was analogous to the 

non-uniform particle distribution during particle settling testing, which was assumed as a 

result of centrifugal forces during transport (Section 2.3.3).  The result was a higher cell 

count at the centre of the well.  Therefore, to avoid over-confluence (>95% of the cells 

grown in a monolayer covering the surface of the well), the centre of the well was grown 

to confluence, which resulted in an under-confluence that increased radially outward 

from the centre to the perimeter of the well.  To minimize the effect of this confluence 

variability, the cell cultures were transported from the bio-safety cabinet to the incubator 

with ultimate care to minimize media movement immediately after the step associated 

with cell-seeding.  In the practice of this minor adaption in the methodology, the cells no 

longer accumulated in the centre of the wells and the cultures were grown with uniform 

cell distribution (Figure 2.8).  Prior to this change in the procedure, cell cultures were 

grown to approximately 3x105 cells, whereas after its addition, cell count increased to 

approximately 8x105 cells.  Furthermore, this procedural change was made when A549 

mono-cultures were upgraded to A549 and THP-1* co-cultures. 
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Figure 2.8: Comparison of cell distribution before and after the adaptation to the 
cell-culturing procedure regarding cell culture transport.   A) Over-
confluence at the centre and B) under-confluence at the perimeter of 
a well for a mono-culture of A549 cells in an extreme case of non-
homogeneous cell distribution.  C)  Ideal confluence of a co-culture 
grown to a 15:1 A549:THP-1* ratio.  Circles show example THP-1* 
cells.  In addition, the co-culture was dosed with a silica-based 
particle.  Arrows point toward example particles. 

A reduction in particle count was also observed over the course of this thesis.  

The decrease in particle count was continuous over the course of multiple experiments.  

It was assumed gradual build-up of silica at the orifice of the internal capillary of the 

nebulizer lead to a decrease in number and size of particles that impacted the air-liquid 

interface of the cell cultures and therefore a decrease in the amount to reach the cell 

surface.  After each experiment the nebulizer was cleaned as thorough as possible by 

drawing up solvent (water) and by carefully scratching precipitate with a thin wire 
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(approximately 100 µm) inside the solution capillary at the tip of the nebulizer.  Despite 

this cleaning step, the reduction in particle count across multiple experiments persisted 

and can be observed in Figure 4.2.  This data runs parallel to the deposition efficiency 

data, which was reduced from 3.4±0.6% to 2.0±0.3% over the course of 

experimentation. 

2.4. Unit Selection for Studies involving the Nebulizer-spray 
chamber apparatus and Method 

There is disparity in unit selection for in vitro PM dose-response studies in 

literature.  In some articles, insoluble doses are represented by concentration 

(µg mL-1),96, 103-104 whereas surface coverage (µg cm-2) is used in others.105-106  While a 

single unit type is suitable for use across a single study, it is difficult to make 

comparisons across multiple studies that incorporate different units.  To provide better 

comparisons for both past and future work, unit types: total mass, concentration, and 

surface coverage were made available for studies involving the use of the nebulizer-

spray chamber apparatus. 

Appropriate unit type selection is dependent on the type of dose.  For instance, 

insoluble particles that are in direct contact with the cells are best represented by 

surface coverage.  Common multi-well plates used for in vitro dose response studies 

include 6-, 12-, 24-, 48-, and 96-well plates.  An increase in number of wells decreases 

the surface area of a single well because the surface area of the plate is fixed.  Based 

on the supplier, these values may vary, but the aforementioned well plates typically have 

approximate well diameters of 9.5, 3.8, 1.9, 0.95, and 0.32 cm2, respectively.  Therefore, 

values for surface coverage are higher for smaller wells given an identical dose, mass 

concentration, and volume.  For example, a concentration dose of 10 µg mL-1 in 1 mL of 

medium corresponds to surface coverages of 1.1, 2.6, 5.3, 11, and 32 µg cm-2, 

respectively, if all of the dose reaches the surface.  If not all of the insoluble particles 

reach the cell surface, mass concentration or total mass delivered may be a better 

option. 
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Doses of soluble compounds are better represented by concentration since 

contents are homogenously dispersed throughout the medium.  Conditions to keep cells 

viable in an incubator require substantial medium volume depth, e.g., 1000 µm, for 

cultures grown in a 6-well plate.  Conversely, the airway surface liquid volume depth in a 

healthy human lung is estimated to range from 5 to 20 µm.56  Air-liquid interface inserts 

serve to reduce medium volume and are now commonly used in in vitro studies.  They 

are better suited for soluble doses, but are not always applicable. 

A unit type that is not frequently used in literature is the number of particles per 

cell (henceforth called particle-cell ratio).  Particle-cell ratio is an analogous 

measurement to surface coverage.  However, unless settling efficiency is incorporated 

into the calculation of surface coverage, surface coverage values assume all particles 

settle to the cell surface.  Unlike in vitro dose-response studies involving a particle 

suspension, a dose mimicking particle inhalation exposure must penetrate the surface of 

the medium prior to contacting the cell surface.  Therefore, particle-cell contact is 

dependent on particle properties such as density and wettability.  Particle-cell ratio is a 

more accurate representation for insoluble doses in which not all of the material contacts 

the cell surface.  In this work, due to the unique ability to incorporate fluorescent 

microspheres into the particle, a particle counting technique was developed, and along 

with a manual cell counting chamber technique, specifically a hemacytometer, particle-

cell ratios were obtained for doses generated from the nebulizer-spray chamber 

apparatus.  

2.5. Estimating Human Inhalation Exposure and a 
Comparison of Doses Used in In Vitro Studies 

One of the main goals of the developed in vitro method was to deliver doses at 

levels more comparable to natural human PM inhalation than that used in current in vitro 

studies.  In this section, a comparison is made between estimates of natural human 

inhalation exposure and doses used in in vitro studies, including the range of dose used 

in this study.   
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The range of dose used in in vitro PM exposure studies are generally ≥ 

10 µg ml-1 (or 10 µg cm-2) and ≥ 100 µg ml-1 (or 100 µg cm-2).107-109  How do these values 

relate to human PM inhalation exposure?  To calculate average daily PM surface 

coverage in healthy human adult lungs, average reference values for human lung 

surface area and daily inhalation volume were obtained from two separate studies.  The 

surface area of the TB and alveolar regions were reported as 0.4419 m2 and 57.22 m2, 

respectively,110  and the daily average air intake of healthy humans was reported as 

16.36 m3 day-1.111  Therefore, given 30 µg m-3, a measurement that is routinely observed 

throughout urban locations across North America, and assuming all inhaled particles 

deposit in the lower respiratory tract evenly, human TB and alveolar PM10 exposure 

correspond to average estimates of 1.1x10-1 µg cm-2 day-1 and 8.6x10-4 µg cm-2 day-1, 

respectively.   

Yet, the above calculations ignore many factors that would influence their 

corresponding values.   Particle distribution, for one, is not uniform in the human lung.  It 

is influenced by wind velocity, inhalation velocity, airway diameter, particle density and 

particle size.112  Furthermore, particles are subject to localized deposition or ‘hotspots’ at 

airway bifurcations due to impaction and secondary flow patterns.  In fact, it has been 

reported that some cells at these localized deposition sites may receive enhancement 

factors (EFs) of hundreds to thousands more particles than cells at parent and daughter 

airways for particles larger than 0.01 µm.18  Finally, not all inhaled particles deposit in the 

lower respiratory tract; particles may deposit in the extrathoracic region, or may not 

deposit at all as they are exhaled back out of the pulmonary system.18 

Phalen and co-workers made similar human lung surface coverage calculations 

based on quantitative data from prior studies to assess relevant in vitro doses for the TB 

region.  However, the authors also considered EFs and deposition efficiency.113  The 

authors referenced a TB surface area of [0.25 m2] and focused on particles 1, 2, and 5 

µm in diameter, with derived resting adult TB deposition efficiencies of [5.9%], [8.6%], 

and [11.6%].  Using those values, a relatively high exposure concentration of 100 µg m-3, 

and a two hour exposure period, the authors estimated surface coverages of 1.73, 2.51, 

and 3.38 ng cm-2, respectively.  Incorporating referenced EFs of 107, 110, and 115, 

these numbers amplified to 185, 276, and 389 ng cm-2, respectively.  As a third scenario, 
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the authors referenced high risk/high dose individuals, and combined the 

aforementioned EFs to determine enhanced TB surface coverages of 5.04, 15.58, and 

85.5 µg cm-2.  The latter scenario demonstrated numbers similar to that used in a typical 

in vitro study, i.e. in the range of 10 to 100 µg cm-2.   

The alveolar region has a much greater surface area than the TB region 

(calculated 150-fold increase).  Therefore, an equivalent dose would have lower surface 

coverage.  Brown and co-workers assessed total content delivered to the alveolar region 

using a publicly available deposition model known as the multiple path particle dosimetry 

(MPPD) developed by the Chemical Industry Institute of Toxicology Centers for Health 

Research, which has model input parameters spanning airway morphology, particle 

properties, and breathing conditions.110  Using data from a epidemiology study that 

sampled for PM, specifically a two month average particle concentration of 120 µg m-3, in 

which 80% was PM2.5 and was 20% PM(2.5 to 10), the authors predicted daily mass alveolar 

deposition masses of 176 µg and 222 µg via nasal and oral breathing, respectively.  

Using the aforementioned average surface area of the lungs of 57.22 m2, oral breathing 

correlated to a daily alveolar deposition of 3.9x10-4 µg cm-2, a number that is 

approximately 2.5x104 times lower than a typical insoluble dose (10 µg cm-2) required to 

stimulate response from a lung cell culture.  The reported 222 µg particle mass to 

deposit in the alveolar region correlated to a calculated 12.7% alveolar deposition 

efficiency based on an alveolar surface area of 57.22 m2, particle concentration of 120 

µg m-3, and daily air intake of 13.5 m-3.  An alveolar deposition efficiency of 12.7% may 

seem low for a particle population with a majority of particles in the fine fraction, but not 

all inhaled particles deposit in the lungs; some are exhaled back out. 

To further explore the fraction of particles that deposit into the alveolar region, 

deposition efficiencies were evaluated for controlled particle sizes using the 

aforementioned publicly available MPPD software v2.11 and its default settings.  

Examples of default settings included nasal breathing, a tidal volume of 625 mL, which 

represent an individual under resting conditions, and a particle density of 1 g mL-1.  Total 

lung deposition efficiency for 1 µm particles was determined as 28.0%, with an alveolar 

deposition efficiency of 10.0%.  The MPPD model also predicted total deposition 

efficiency and alveolar deposition efficiency for 5 µm particles at 95.9% and 11.6%, 
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respectively.  Therefore, a greater number of 5 µm particles were predicted to deposit 

into the alveolar region for a population of particles with an equivalent number of 1 µm 

and 5 µm particles for an individual under resting conditions.  Conversely, an individual 

with a light exercise breathing pattern (tidal volume = 1250 mL) predicted alveolar 

deposition efficiencies for 1 µm and 5 µm of 12.24% and 8.93%, respectively.  The 

results demonstrated how deposition efficiency is affected by many underlying factors 

such as inhalation route, inhalation volume, and particle size.  Deposition fractions for 

various particle sizes were assessed by the U.S. Environmental Protection Agency using 

two publicly available particle deposition programs including the MPPD, which gave 

similar results.18   

Another factor affecting surface coverage is particle accumulation.  Accumulation 

is mitigated by particle clearance mechanisms for both TB and alveolar regions.  

Eventually, an individual may reach a steady state (the rate of particle removal reaches 

equilibrium with freshly deposited particles) provided exposure conditions remain 

relatively unchanged.  Brown and co-workers determined that a normal human under 

average breathing conditions approaches an alveolar steady state of 10 mg (or a 

calculated 1.75x10-2 µg cm-2) after 10 years of exposure to 10 µg m-3 insoluble 

particles.110  While this number is more comparable to minimal doses used in in vitro 

studies, e.g., 10 µg cm-2, there is still a large gap in the concentrations used between the 

two test methods.  Furthermore, there is a large difference in the time scale of exposure.  

It takes years of exposure for human lungs to reach equilibrium and develop a baseline 

dose, whereas in vitro studies are typically performed in a single day and the dose is 

administered all at once.  Perhaps there is potential for in vitro particle dose-response 

longitudinal studies, i.e. repeat a series of smaller doses across a series of days, weeks, 

or even months, assuming lung cell cultures remain viable and relevant over such 

periods. 

Another factor to consider in in vitro studies is the lack of complexity of cell 

cultures.10  In vitro studies are typically performed on a monoculture, whereas the human 

alveolar region is predominately comprised of two types of epithelial cells and 

macrophages that interact with each other and with cells from other regions.  Therefore, 

there is a challenge to relate toxic in vitro concentrations to that of an equivalent in vivo 
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dose.  In an effort to decrease the gap between the two exposures, co-cultures of 

alveolar epithelial cells with macrophages were later used in this thesis. 

A surface coverage of 10 µg cm-2 is an approximation of the minimum insoluble 

dose used in in vitro studies.  In comparison, a steady state value of 10 mg (calculated 

1.75x10-2 µg cm-2) is reached in vivo after 10 years of controlled exposure to 10 µg m-3 

insoluble particles.  These results demonstrate a large discrepancy.  Enhancement 

factors and the lack of complexity involving cell cultures may account for part of this 

difference.  The range of surface coverages for silica-based particles used in this thesis 

was an estimated 0.65 µg cm-2 to 3.2 µg cm-2, which was enough material to stimulate 

increased cellular response and closer to natural human inhalation exposure to PM. 

2.6. Summary 

The EDLT was an intricate way of delivering particles with controlled 

compositions, whether they were insoluble or soluble or a mixture of both, onto human 

lung cell cultures.  Unfortunately, the EDLT methodology was not reproducible and was 

limited with regards to the amount of material delivered.  It was decided to develop an 

analogous dose-response method; one that used nebulizer-spray chamber technology 

and was capable of obtaining a culture-wide dose.   

During preliminary testing, the nebulizer approach did not circumvent the issues 

surrounding cell viability and particle-cell contact.  In fact, the nebulant gas flow 

hampered cell viability.  These hindrances were overcome by switching to a new 

approach to achieve particle-cell contact.  Particle mass was increased through the use 

of the nebulizer, and standard medium volumes (2 mL) were used to maintain cell 

viability.  The increased particle mass improved particle intactness and a percentage of 

particles that deposited onto a cell culture surpassed the air-liquid interface and settled 

to the cell surface.  To further improve particle-cell contact, silica was used to replace 

carbon, and PEG was incorporated into the particles to act as a wetting agent and to 

increase particle mass.  The spray chamber of the apparatus was heated to a non-
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uniform elevated temperature to further improve particle intactness.  Finally, fluorescent 

imaging and an in-house script using software Vision Assistant was used to determine 

the number of particles delivered to a cell culture.   

After extensive optimization, the nebulizer method was deemed sufficient to 

initiate experimental study.  It was an approach capable of delivering heterogeneous 

particles of designed composition onto lung cell cultures.  The developed method was 

also quantitative, practical, reproducible, and cost effective.  In the following chapter, 

silica particles (PSiO2) and silica plus tumor necrosis factor-alpha (TNF-α) particles (P(SiO2 

+ TNF-α)) were dosed onto lung cell mono- and co-cultures in a proof of concept study to 

demonstrate the efficacy of the nebulizer methodology.  
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Chapter 3.  
 
Nebulizer-Spray Chamber Apparatus and Method for 
the Production of Multi-Component Particle Types 
and Their Use in Effecting Cell Culture Response 

3.1. Abstract 

A particle generation apparatus and methodology for its application to prepare 

heterogeneous particles of defined chemical composition and their subsequent delivery 

to human lung cell cultures is described.  Silica (SiO2) particles were generated to 

represent an insoluble atmospherically relevant particle type.  Tumor necrosis factor 

(TNF)-α, a well-characterized cytokine, was incorporated as a secondary soluble 

component within host silica particles for application as a proof-of-concept 

heterogeneous particle type, and as a method control.  To maintain particle intactness 

for silica and silica plus TNF-α particles, the spray chamber temperature was maintained 

at 54 °C.  The overall particle deposition and wetting efficiency into the medium in each 

well of a 6-well plate was 3.4±0.6%, and the median size of particles that impacted and 

sank in the growth medium was 3.4 µm.  The particle-cell ratio, assessed post 

incubation, spanned 0.1 to ~2.5.  Silica particles did not cause up-regulation of 

intercellular adhesion molecule (ICAM)-1 expression, interleukin (IL)-6, or IL-8 in alveolar 

epithelial cell cultures (A549).  In contrast, when co-cultures of A549 and human 

monocytic cells (THP-1) differentiated into macrophages were exposed to silica 

particles, IL-6 was up-regulated, but not IL-8.  For the silica plus TNF-α particle type, 

ICAM-1 signal increased in A549 cultures as the particle-to-cell ratio increased, yet an 
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estimated 90% of the TNF-α was denatured and/or remained bound to the silica particle 

host and was therefore bio-unavailable. 

3.2. Introduction 

Various particle-centric approaches have been developed to learn information 

regarding the relationship between particulate matter (PM) exposure and adverse effects 

on human health.10, 89, 114  One strategy is the use of sampled ambient particles, from 

coarse to ultrafine in dose-response studies, both in vitro and in vivo.62, 107, 115-116  Soluble 

and insoluble fractions of PM, size segregated or not, up-regulate pro-inflammatory 

mediators.117-120  Many small oxidized organic compounds, transition metals, sodium, 

ammonium, nitrate, and sulfate ions are routinely identified within the soluble fraction, 

whereas the insoluble fraction is mainly composed of low solubility minerals, soot, 

automobile wear particles (e.g., brake pads and tire fragments), and industrial-related 

dusts.121-125   

In the use of sampled ambient particle types, dose-response studies often 

introduce particles as aqueous suspensions.  Aliquots of suspensions are introduced to 

medium bathing lung cell cultures or are instilled in live subjects.  Studies employing this 

general methodology also use commercially-available particles as mimics of specific 

insoluble particle types found in PM.  Silica particles, for instance, have been used in 

several investigations.104, 126-127   

Numerous studies have extended this general approach by introducing additional 

components to the dosing regimen.128-129  Priming, for example, involves the introduction 

of a secondary, soluble component to the cell culture medium prior to a time-delayed 

introduction of an insoluble particle type.  For example, lipopolysaccharide (LPS), a 

component in the cell wall of Gram negative bacteria, was introduced to the growth 

medium of a cell culture in its soluble form prior to the addition of carbon nanotubes 

(CNTs).99  Such combined exposures have resulted in synergistic cellular responses.  In 
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the aforementioned CNT + LPS study, the LPS-primed cells showed increased cytokine 

TNF-α secretion upon CNT treatment.99 

In another variation, apparatuses have been designed to more closely mimic 

inhalation exposure, wherein aerosols are generated in situ and then delivered onto cell 

cultures.89, 93, 100  The rationale for this approach offers potential of in situ mimicry of 

atmospheric particle chemistry and delivery of particles to lung tissues via the air using, 

for example, cultures grown at the air-liquid interface.  The ability to control particle 

composition is particularly useful as it can yield insight on how interactions between 

compounds affect cellular response.   

In this work, described is an exposure system capable of delivering micron-size 

particles at controlled compositions, containing both soluble and insoluble fractions, onto 

cell cultures, and methodology to attain overall dose-response quantitation.  The 

apparatus was a commercially-available concentric nebulizer and a large internal volume 

spray chamber used to generate aerosols whose composition could be customized 

through alteration of the starting mixture.   

The human alveolar epithelial cell line (A549) is commonly used in dose-

response studies and was used as the lung monoculture model for this work.  Human 

lung cell co-cultures comprised of A549 cells and macrophages, the latter originating 

from differentiation from human monocytic cell lines (THP-1) have been reported as 

having increased sensitivity to particles regarding cytokine secretion relative to A549 

monocultures, and were also used in this work.126, 130  In addition, the intercellular 

communication between different cell types within co-cultures provides a more accurate 

representation of the in vivo environment of the lung.81   

The main particle composition chosen for this study was silica, also known as 

silicon dioxide (SiO2).  Silica is high in abundance in PM10.5  Silica is a mineral 

predominately found in rocks, sands and soils.  Natural or anthropogenic interactions 

involving the movement of earth such as wind erosion, volcanic eruptions, farming, 

mining, or disturbances of silica-containing compounds, as in the fabrication of concrete, 
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can result in silica emissions.  A study in Rome, Italy, reported total silica content, 

amorphous plus crystalline, as 3.7% relative to nine other common PM10 species, e.g., 

carbonates, metals, and sulphates, based on the detection frequency of particles.131  In 

that same study, the mass concentration (µg m-3) of quartz, the most common form of 

crystalline silica, averaged 2.6% mass content relative to total PM10.  In another study, 

samples were collected upwind and at multiple sites downwind from a sand and gravel 

facility in central California.132  Quartz was reported at values ranging from 10% to 16% 

upwind and 10% to 33% downwind based on its mass fraction relative to PM10.  In 

summary, the levels of silica, as with all primary aerosols, vary spatially due to proximity 

to, and activity from, emission sources.   

The interest in understanding silica inhalation exposure risk is that it has been 

linked to several respiratory diseases.  For example, silicosis describes the condition in 

which inflammation and subsequent fibrotic scarring giving rise to symptoms such as dry 

cough, increased sputum production, and impairment of lung function.133  In 1997, the 

International Agency for Research on Cancer (IARC) classified crystalline silica as 

carcinogenic to man,134 while chronic obstructive pulmonary disease (COPD) is another 

substantial respiratory disease caused by inhalation exposure to silica.5  Due to the 

abundance of silica in the atmosphere and its negative effect on human health, it was 

selected as the primary, insoluble component.   

Tumor necrosis factor (TNF)-α is a potent cytokine that is released during 

inflammation.  TNF-α is used extensively as a positive control in in vitro experimentation.  

Though TNF-α is not present in the atmosphere, it was incorporated into the silica 

particles for the purpose of demonstrating the methodology and as a method control.  

Specifically, silica + TNF-α particles were used to showcase the ability and potential to 

dose multi-component particles made of different component types, representing soluble 

and insoluble fractions, respectively, and how this model heterogeneous particle type 

affected cellular response.  The application of the silica + TNF-α particles was performed 

to enable comparative responses from lung cells relative to soluble TNF-α that was used 

as a positive control.    
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3.3. Experimental 

3.3.1. Materials 

LUDOX® TM-50 (Sigma-Aldrich, 420778) is a silica colloid of amorphous 

nanoparticles ranging from 20 to 30 nm in diameter; density 1.4 g cm-3.  LUDOX® TM-50 

was used as the source of silica as the primary composition of particles generated and 

dosed onto cultures in this work.  Polyethylene glycol (PEG) (Sigma-Aldrich, 202444) at 

average molecular weight 3,350 g mol-1 was incorporated into the particles to assist in 

the wettability of deposited particles.  FluoSpheres® (Invitrogen, F-8787) provided at 2% 

solids as a colloid, are latex beads approximately 20 nm in diameter that contain an 

estimated ~180 fluorescein molecules entrapped within each bead.  These beads were 

incorporated into the particles to facilitate particle observation, via fluorescence 

microscopy, when particles were deposited onto dry cover slips, into growth medium, 

and when in contact with and internalized in cells.   

The components described above were used to prepare a starting mixture with 

following composition: 11 mg ml-1 silica, 7.85 mg ml-1 PEG, and 1 mg ml-1 FluoSpheres® 

in distilled deionized water collected at ≥ 18.0 MΩ.  The term starting mixture is used 

since silica and FluoSpheres® were in colloidal form, whereas the PEG was in solution.  

The starting mixture was mixed using a vortex mixer and sterile filtered with a 0.2 

micrometer filter (VWR, 28145-477).  After filtration, the starting mixture was aerosolized 

using the apparatus described below.  De-solvation of aerosol droplets resulted in 

precipitation of dissolved solids and aggregation of dispersed nanoparticles to produce a 

single particle per droplet, herein referred to as silica particles and abbreviated as PSiO2.  

Another starting mixture was prepared with the silica and PEG at the same 

concentrations, but the FluoSpheres® were replaced by fluorescein sodium salt (Sigma-

Aldrich, F6377) at 500 ng mL-1 (~13 nM).   

In some experiments, human TNF-α (Sigma-Aldrich, H8916) was also 

incorporated (5 µg ml-1) into a starting mixture along with other components to prepare 



 

71 

particles.  The 5 µg ml-1 concentration used for TNF-α corresponds to a 2200:1 mass 

ratio for silica:TNF-α, or, the number of SiO2 nanoparticles (20-30 nm) to the number of 

soluble TNF-α monomers as ~1:3.  Particles created with this starting mixture are 

abbreviated as P(SiO2 + TNF-α).   

3.3.2. A549 Cell Culture 

A549 cells (American Type Culture Collection (ATCC), CCL-185), a type II 

human alveolar bronchoalveolar carcinoma cell line, were used as the monoculture.  

Passage numbers for the A549 cells in monocultures were from 88 to 110.  In 

preparation for receipt of a particle dose, cell cultures were grown to ~90% confluence 

on ‘Cell+’ 6-well plates (Sarstedt, 83.1839.300) in growth medium composed of F-12K 

medium (Sigma-Aldrich, N3520), which included 10% (v/v) fetal bovine serum 

(Invitrogen, 12483020).  Prior to particle exposure, the growth medium was removed and 

replaced with 2 mL of serum-free medium.  Cell counting was performed with a 

hemacytometer (Hausser Scientific, 1492).  Unless stated otherwise, cells were counted 

prior to the deposition of particles.   

3.3.3. THP-1 Cells 

THP-1 cells (ATCC, TIB-202) are a peripheral blood monocyte cell line and are 

cultured in growth medium composed of Roswell Park Memorial Institute (RPMI) 1640 

medium (ATCC, 30-2001), 10% (v/v) fetal bovine serum and 0.05 mM 2-

mercaptoethanol (Sigma-Aldrich, M3148).  The passage number was listed as unknown 

upon receipt.  Those cells were passaged from 1 to 20 in the course of this work in our 

laboratory.  To differentiate into macrophages, THP-1 cells were treated with 200 nM 

phorbol myristate acetate (PMA) (Invitrogen, TLRL-PMA) and incubated for 48 hours.  

These differentiated cells will be referred to as THP-1* cells henceforth.  THP-1* cells 

are unlike their non-differentiated form in that they no longer divide and adhere to the 

surface of the culture dish.   
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Mono-cultures of THP-1* cells were planned for dose-response experiments, but 

ultimately were not performed because of the difficulty to obtain a confluent culture.  It 

was observed that if too many THP-1 cells (blood monocytes) were differentiated into 

THP-1* cells (macrophages), those cells underwent facile aggregation resulting in 

regions of over-confluence, as THP-1* cell aggregates, on the well surface, plus regions 

with little to no cells present.  Given this practical difficulty, and that monocultures of 

macrophages were not physiologically relevant to this work, THP-1* monocultures were 

not utilized in this study.   

3.3.4. Co-culture of A549 and THP-1 Cells 

Co-cultures were comprised of A549 cells and THP-1* cells at a 15:1 ratio by 

growing cells at the seeding densities and times described below.  The co-cultures took 

four days to grow to confluence.  On day one, A549 cells were seeded into Sarstedt 

‘Cell+’ 6-well plates at ~150,000 cells per well in F-12K growth medium.  ~55,000 THP-1 

cells per well were added to each well on day two in a 1:1 ratio of F-12K growth medium 

and RPMI growth medium with 200 nM PMA.  After a 48-hour incubation period, i.e. day 

four, the co-cultures grew to ~90% confluence, and the THP-1 cells differentiated into 

THP-1* cells.  Also on day four, the medium was replaced with serum-free medium of 

the two medium types (F-12K:RPMI at a 1:1 (v/v) ratio plus 200 nM PMA) prior to 

particle exposure.  For the co-cultures, passage numbers of the A549 cells were 

between 110 and 120.  Assessment of the number of cells was ascertained directly by 

counting cells using a hemacytometer after particle exposure plus an 18-hour incubation 

period.   

3.3.5. Particle Generation and Delivery to Cell Cultures   

The apparatus assembled to nebulize starting mixtures and to deliver particles, is 

depicted in Figure 3.1.  A 1 ml syringe was connected to an infusion pump (Harvard 

Apparatus, 702000) to deliver a starting mixture to a concentric nebulizer (Meinhard, TR-

50-A1, Colorado, USA) at a rate between 1 to 250 µL min-1.  Meinhard Fit Kits #1 and #2 
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were used to connect the syringe outlet to the tubing attached to the solution inlet of the 

nebulizer and the gas flow to the nebulizer, respectively.  Though the unrestricted 

solution uptake of the nebulizer’s flow rate is ~1 mL min-1, restricted solution uptake 

rates were used.  This is an approach that increases sample throughput efficiency from 

the point of introduction to the nebulizer through to the exit of the spray chamber, and is 

referred to as starving the nebulizer.135-136  The reduced flow rate decreases initial 

droplet size in the aerosol, effects less impaction of droplets on the spray chamber wall, 

less droplet-droplet collisions, and less overall solvent is introduced into the spray 

chamber.  Collectively, this results in an overall improvement in throughput efficiency for 

the combined steps of aerosol generation and transmission through the spray chamber.  

Nebulant gas flow was controlled by a mass flow controller (MKS Instruments, 1159B) 

used in combination with a single channel power supply readout (MKS Instruments, 

246B) at the settings recommended by the manufacturer, 1 L min-1, 50 psi.  The 

nebulant gas was extra-dry compressed air (Praxair, AI 0.0XD-T).   

The aerosol generated by the nebulizer entered a spray chamber that was 

maintained at either room temperature (RT) or a non-uniform elevated temperature 

(nuET) via external heat lamps to increase the rate of solvent evaporation from the 

droplets.  Temperatures were measured at several locations within the chamber at 

steady state.  This was done while nebulizing ultrapure water through the chamber.  

Under steady-state conditions, a glass laboratory thermometer was inserted through the 

spray chamber outlet whilst mounted on a stand.  The center of the chamber and 

chamber outlet were measured as 54 °C and 34 °C, respectively.  Temperatures within 

the spray chamber at positions closer to the external lamps gave higher recordings, and 

were as high as 89 °C.  The air temperature adjacent to the sample solution inlet tubing 

(A in Figure 3.1) did not exceed 36 °C.  In use, each droplet within the aerosol 

underwent loss of solvent, and the dispersed solids (silica nanoparticles and 

FluoSpheres® agglomerated, resulting in a spherical aggregate having a core that 

contained residual dispersed solids and dissolved solids.  For all PSiO2 and P(SiO2 + TNF-α) 

results reported, the spray chamber was at nuET unless stated otherwise.   

In dosing a cell culture with particles, the outlet of a spray chamber having an 

internal diameter (di) of 27.8 mm was positioned directly over-top a single well (di = 35 
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mm) of a 6-well plate at a separation gap of 20 mm.  After the exposure time for each 

well had elapsed, the chamber outlet was positioned over other well in sequence until 

dosing requirements for the entire 6-well plate was achieved.  Variable exposure times 

were employed to generate different particle-cell dose ratios.  The volume of serum-free 

medium used per well (2 mL) was a trade-off between trying to minimize the depth of the 

serum-free medium to keep the concentration of soluble compounds delivered on 

particles as high as possible and keep secreted mediators at detectable concentrations 

whilst having a depth of serum-free medium necessary to avoid cell death due to drying.  

Particle delivery to each well, as described above, was performed in a sterile 

environment in a certified biosafety hood.  After deposition of particles, samples were 

placed in an incubator for 18 hours.   

Preliminary, pre-cell culture work, involved aerosol generation using 25 mM 

aqueous solutions of MgCl2 (Sigma-Aldrich, M9272).  A Sioutas Cascade Impactor (SKC 

Inc.) and a Rotary Pump (Allegro Safety T100M Rotary Vane) were used as 

recommended by the manufacturer to collect size-fractionated particles of MgCl2(s) on 

filters within the impactor.  Sonication of each filter in aqueous solution at pH 3 was 

performed prior to determining the mass of Mg2+ recovered from each filter using atomic 

absorption spectrometry (AAS) and calibration using the method of external standards.   

3.3.6. Immunocytochemistry Assay for ICAM-1 

Intercellular adhesion molecule (ICAM)-1 is an epithelial cell membrane protein 

whose function is to facilitate the migration of leukocytes from the blood stream into 

underlying tissue, and its expression is up-regulated by cytokines, including TNF-α and 

interleukin (IL)-6.78, 80  To detect changes in ICAM-1 expression, immunofluorescence 

microscopy was used.  Upon removal of supernatant, cells were rinsed three times with 

2 mL of 37°C 1X phosphate buffed saline (PBS) (Thermo Fisher Scientific, 

OXBR0014G).  The cells were fixed with 4% (w/v) paraformaldehyde (Polysciences Inc., 

00380-1) in 1X PBS for 20 minutes at 37°C.  After fixation, cells were rinsed three times 

with 2 mL of 1X PBS at 37°C then serum-free protein block (Glostrup, DaKo, X0909) 

was added for 20 minutes to reduce non-specific staining.  Following removal of the 
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protein block primary antibody solution, 2 µg ml-1 mouse anti-human monoclonal ICAM-1 

antibody (Invitrogen, 07-5403) in 1% (w/v) bovine serum albumin (Sigma-Aldrich, A7030) 

in 1X PBS), was added and cells were incubated for 1 hour.  The samples were rinsed 

three times with 2 mL 1X PBS, with the second rinse 5 minutes before removal.  The 

secondary antibody solution [20 µg ml-1 goat anti-mouse IgG (H+L) secondary antibody, 

Alexa Fluor® 546 conjugate, (Invitrogen, A-11003, excitation = 556 nm, emission = 573 

nm) in 1% (w/v) BSA in 1X PBS)] was added and kept in the dark for 30 minutes.  The 

samples were rinsed three times with 2 mL 1X PBS, with the second rinse 1 hour before 

removal.  The samples stored in 2 mL 1X PBS, at 4°C, and in the dark until analyzed.  

The 18-hour time period used was a typical incubation period following a dose 

necessary to observe maximum stimulated ICAM-1 up-regulation. 

3.3.7. Fluorescence Microscopy and Image Analysis 

An inverted microscope (Motic, model AE31 Trinocular) equipped with an Epi-

Fluorescence illuminator (Motic, AE30/31 EPI), filter blocks (Motic, MB-I and MG-I, 

respectively) and a mounted camera (Motic, Moticam 3000) were used to capture bright-

field images and fluorescent emission profiles at 515 nm and 590 nm of A549 of cell 

cultures exposed to particles.  A 10X objective lens was used for each image and the 

area of each image was calibrated to 0.32 mm2.  A bright-field image and both 

fluorescent emission profiles (515 nm and 590 nm) were recorded at a single random 

location within each well after the ICAM-1 assay, and then repeated at two other 

different random locations within each well.   

Images recorded via bright-field settings indicated cell distribution and emission 

profiles at 515 nm and 590 nm revealed particles and ICAM-1 expression, respectively.  

Representative combined figures of the three images, assembled using Adobe 

Photoshop (Adobe Systems) are presented.  The ICAM-1 images were analyzed as 

corrected integrated densities and measured via ImageJ software (National Institute of 

Mental Health).  Corrected integrated density was equivalent to the intensity of the 

region highlighted within the image (e.g., a cell/cluster of cells minus the area of that 

region, and that value was multiplied by average intensity of the background).  Since the 
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majority of the cells expressed ICAM-1 and the cultures were grown to near confluence, 

and the entire image was selected as the highlighted region and the background was 

measured at the four corners of the image where cells where absent.  The corrected 

integrated densities of samples were then processed relative to negative and positive 

controls normalized to 0 and 1 respectively.  To count the total number of particles per 

image and determine particle size distribution, fluorescence images recorded at 515 nm 

emission were run through an in-house script developed within a multi-purpose software 

program Vision Assistant (National Instruments).  All images were reviewed manually, 

and objects counted incorrectly by the software were manually removed from the data 

set.  All data was either tabulated and/or plotted using Excel (Microsoft Corporation) 

and/or Igor Pro (Wavemetrics) software. 
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Figure 3.1:  Depiction of the aerosol generation apparatus.  A. Sample solution 

inlet, B. Nebulant gas (extra-dry air) inlet, C. Concentric nebulizer, D. 
Single pass spray chamber, E. Six well plate.  Diagram is not to 
scale. 

3.3.8. IL-6 and IL-8 Quantitation using Enzyme Linked 
ImmunoSorbant Assay (ELISA) 

Cell supernatants were collected after the 18-hour incubation period, stored at 4 

ºC, and were analyzed within two weeks of collection.  ELISA kits (Peprotech, 900-M16 

and 900-M18) were used to quantitate IL-6 and IL-8 concentrations in cell culture 

supernatants.  The kits were used as per the protocols provided by the supplier.  Dilution 

factors of 10X and 50X were applied to IL-6 and IL-8, respectively, for the 10 ng ml-1 

TNF-α A549 controls and for all co-culture samples and controls.  This dilution step 

ensured that signal responses from samples were bracketed within the respective 
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calibration curves.  Derived values were then corrected based on their corresponding 

dilution factor.   

3.3.9. Statistical Analysis 

Analysis of data for soluble concentration of fluorescein and TNF-α was 

determined using method of external standards and least squares regression analysis.  

Data reported in the results sections were reported as means ± standard deviation (1σ) 

and analyzed with Student’s t-tests for comparison.  Significance was assigned to those 

with a p-value < 0.05 and reported as < 0.01 when obtained.   

3.4. Results and Discussion   

3.4.1. Aerosol Generation and Characterization   

A concentric nebulizer was used in conjunction with a single-pass spray chamber 

to aerosolize starting mixtures and process the resultant aerosol.  Preliminary work 

involved the use of aqueous solutions of 25 mM MgCl2 to assess aerosol flow exiting the 

spray chamber versus loss to the spray chamber walls (double pass spray chamber, 115 

mL internal volume).  After each trial, the inner surface of the spray chamber was rinsed 

with dilute nitric acid (pH = 5) and the quantity of Mg2+ recovered was determined using 

AAS.  Aerosol throughput, the amount of the starting solution exiting the spray chamber 

outlet and collected onto filters, improved from 10±5% at 1 mL min-1 solution uptake rate 

to 40±10% with solution uptake rates between 1-10 µl min-1 (n = 3).  Aerosol throughput 

improved to 75±5% in using a double-pass spray chamber having an internal volume of 

150 mL.  The spray chamber used during the delivery of silica particle types onto human 

lung cell cultures was a 1.5 L single-pass spray chamber (Figure 3.1), and the sample 

throughput efficiency for the 1.5 L spray chamber was measured as 81±3%.   
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The size distribution of particles MgCl2(s) exiting the spray chamber was 

measured with the use of a cascade impactor.  In nebulizing an aqueous solution of 25 

mM MgCl2, the quantity of MgCl2 collected on each of the filters in the impactor was 

obtained by sonicating those filters in aqueous solution and [Mg2+] and measured using 

AAS (n = 3).  The overall recovery of MgCl2 was 75±5%, with the following recoveries on 

filters corresponding to particle diameter ranges, were >2.5 µm 1±1%, 1.0-2.5 µm 

12±4%, 0.5-1.0 µm 22±2%, 0.25-0.5 µm 30±3%, and <0.25 µm 9±2%.  This data 

established the capability to generate particles with a size distribution having a mean 

particle size in the fine fraction (i.e. < 2.5 µm) for a starting solution of MgCl2 at 25 mM.   

3.4.2. Particle Delivery (Impaction and Wetting) into Serum-Free 
Media 

With the spray chamber maintained at room temperature, silica particles that 

exited the spray chamber and impacted into the serum-free medium were observed to 

not remain intact, both at the air-liquid interface as well as those that had sank through 

the medium and were in contact with cells.  To increase particle intactness in aqueous 

solutions, the spray chamber was heated using externally located heat lamps, resulting 

in a non-uniform elevated temperature (nuET) with the central axis of the spray chamber 

measuring 54 °C.   

At the nuET, silica particles were observed to remain intact upon impact onto the 

air-liquid interface of the serum-free growth media.  However, an estimated 1% of those 

particles wetted and sank to reach the cell culture surface 2 h. after exposure.  

Polyethylene glycol (PEG) was introduced to the starting mixtures used to prepare silica 

particles with the assumptions that particle wettability would increase and lung cell 

responses would not be affected.  For the silica particles that also contained PEG, 

57±6% of the particles that impacted into the growth medium were observed to wet and 

pass below the air-liquid interface 2 h. after exposure.  Of the wetted particles, an 

estimated 95% of those sank to the bottom of the well and contacted the cell surface.  

The increased particle count on the cell surface was attributed to the increased 
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wettability and/or increased mass of the particles.  PEG was henceforth a component 

present in all subsequent silica particle types.   

To obtain a measure of particle deposition and wetting efficiency, another starting 

mixture was prepared using the same concentrations of SiO2 and PEG, fluorescein at 13 

nM, but no FluoSpheres®.  In this experiment, the liquid introduction rate into the 

nebulizer was 5 µL min-1, and the duration of nebulization was 5 min.  After an 

incubation period of 2 hours, the supernatant (2 mL) was collected and transferred into a 

cuvette.  The fluorescence signal intensity measured from these solutions was 

compared to external calibration curves prepared by adding known concentrations of 

fluorescein directly to serum-free medium.  The assumption was made that the 

fluorescein introduced to the serum-free medium on the carrier particles was 100% 

detectable by fluorescence spectroscopy, regardless of whether it was bound or 

unbound to wetted particles.  If this assumption is incorrect, such as if the fluorescein 

was not all available for fluorescence, the actual particle deposition efficiency was 

greater than that determined.  The overall particle deposition and wetting efficiency, 

relative to the starting material applied to the nebulizer, was 3.4±0.6%.   

The size distribution of PSiO2 that settled onto the surface of a cell culture (Figure 

3.2) was measured 2 h. and 18 h. after particle exposure using microscopy and multi-

purpose software Vision Assistant (National Instruments).  Of the particles that reached 

the cell surface after 2 h. exposure, 90% of the particles were within 1 to 5 µm, with a 

total mean and total median particle size of 3.36 µm and 3.27 µm, respectively.  The 

particle size histogram suggests particles <~1 µm did not impact into the growth medium 

with high efficiency (Figure 3.2).  The overall similarity in particle size distribution and 

numbers of particles observed after 2 and 18 hours incubation (Figure 3.2) indicate that 

the majority of the particles were fixed upon settling suggesting particle-cell interactions 

were lasting.   
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Figure 3.2:  Histogram of particle size frequency for P(SiO2 + TNF-α) on the surface of 
an A549 cell culture 2 h. or 18 h. after exposure.  Histogram of 
particle diameters of means and standard deviations (1σ) as 
evaluated through the number of images (k = 3) recorded across a 
single sample (n = 1). 

3.4.3. Particle-Cell Interactions and Cellular Responses 

Representative images of particles residing on cells are shown in Figure 3.3.  

The particles were observed dispersed across the cell culture 2 hours after particle 

deposition (Figure 3.3i).  Care was taken to minimize disturbance of the growth medium 

while moving the six-well plate from the laminar flow hood where particle deposition 

occurred to the incubator, else particles were observed to deposit in the center of the 

well.  After 18 hours, and post immunocytochemistry processing, the particles on the cell 

culture were in similar numbers relative to the 2 hour time point, but were frequently 

observed in clusters of 2 to 5 particles (Figure 3.3ii).  The clustering of particles was 



 

82 

likely the result of the cells pooling internalized particles.  In all of the images collected 

when using either PSiO2 or P(SiO2 + TNF-α), there was no observable evidence of particle 

breakdown in the medium or within the cells.  The negative control culture displayed 

negligible ICAM-1 signal (590 nm emission) and images recorded were analogous to 

that shown in Figure 3.3i.  For the positive control, 100 ng mL-1 of TNF-α, ICAM-1 

exhibited stronger 590 nm emission relative to that shown in Figure 3.3ii.   

 

Figure 3.3:  Merged images captured with bright-field microscopy and 
fluorescence microscopy set to an emission wavelength of 515 nm 
(green) for an A549 cell culture dosed with P(SiO2 + TNF-α) after i) 2-hour 
incubation and ii) 18-hour incubation and immunocytochemistry 
work-up.  Image ii) also combines a fluorescence microscopy image 
at an emission wavelength of 590 nm to illustrate ICAM-1 expression 
(red).  Subset boxes a, b and c, as well as d, e and f are selected 
regions of i, and ii, respectively.  Circles show particle aggregates. 

Upon determination of the impaction and wetting efficiency, A549 cultures were 

dosed with one of two particle types, either PSiO2 or P(SiO2 + TNF-α), and the total particle 

dose was changed by varying exposure times (1 to 30 min.).  These exposure periods 

resulted in particle-cell ratios spanning 0.1 to 2.5.  Following immunohistochemical work-

up, the images of fluorescence emission from the cultures were used to generate the 
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data plotted in Figure 3.4.  The relative expression of ICAM-1 in the A549 cultures was 

not significantly different from the negative control for the range of the average number 

of PSiO2 per cell accessed.  At doses of PSiO2 greater than that depicted in Figure 3.4, 

particle-particle aggregation in the absence of cells was observed, meaning the size 

distribution changed in the medium.  For that reason, doses at levels of PSiO2 having 

particle-to-cell ratios >3, though accessible, were deemed semi-quantitative, and not 

processed further.  Cultures dosed with P(SiO2 + TNF-α) up-regulated ICAM-1 expression in 

A549 cells (Figure 3.4).  The method of least squares was used to determine the slope ± 

uncertainty for each data set in Figure 3.4.  The results for the two particle types (PSiO2 

and P(SiO2 + TNF-α) at room temperature (Figure 3.4A) were 0.009 ± 0.005 and 0.11 ± 0.04, 

respectively, and at the elevated temperature (Figure 3.4B) were 0.02 ± 0.02 and 0.24 ± 

0.03, respectively.  For both sets of experiments, the slopes of the regression lines 

between the two particle types were statistically significantly different (p < 0.01).  In 

addition, the slopes between the P(SiO2 + TNF-α) for the two chamber temperatures, i.e. 

room vs. elevated, were also different (p < 0.01).   

To study the interactions between the compounds in the starting mixtures of 

P(SiO2 + TNF-α), reagents were mixed via a vortex shaker at various combinations prior to 

their addition into serum-free media bathing the cell cultures.  These mixtures were 

dosed by aliquoting (i.e., not nebulized into particle form) to final concentrations of 5 ng 

mL-1 TNF-α, 11 µg mL-1 silica, 1 µg mL-1 FluoSpheres®  and 7.85 µg mL-1 PEG.  The 

resultant ICAM-1 expression, presented as fold change relative to the negative control, 

is presented in Table 3-1.  In the doses containing TNF-α and an additional component, 

e.g., silica, PEG, or FluoSpheres®, the additional component interacted with TNF-α, 

which resulted in corresponding attenuation of ICAM-1 expression.  In addition, PEG 

plus FluoSpheres® interacted with TNF-α to the extent that ICAM-1 expression was not 

different from the negative control, whereas silica plus PEG resulted in the TNF-α 

effecting similar ICAM-1 expression as the positive control (e.g., TNF-α only).  PEG 

interacted with silica and FluoSpheres®, which minimized the interactions between 

FluoSpheres® and TNF-α.  Using the information presented in Table 3-1, it was deemed 

that in the P(SiO2 + TNF-α) generated with the spray chamber at room temperature, 

essentially all of the TNF-α present was bioavailable.  However, when using the spray 



 

84 

chamber at the nuET the particles remained intact, and the interactions suggested by 

the results in Table 3-1 were assumed enhanced.   

Table 3-1:  ICAM-1 Fold Change after 18-Hour Incubation of A549 Cell Cultures 
Dosed with the Soluble and/or Dispersed Reagents Used in the 
Starting Mixtures to Generate PSiO2 

Reagents ICAM-1 Fold Change Number of Samples 
Negative Control 1.00±0.06# 11 

TNF-α 1.50±0.14* 11 
TNF-α + PEG 1.14±0.06*# 8 

TNF-α + FluoSpheres® 1.07±0.07*# 8 
TNF-α + PEG + FluoSpheres® 0.97±0.08 2 

TNF-α + Silica 1.21±0.08*# 5 
TNF-α + Silica + PEG 1.16±0.11 2 

TNF-α + Silica + FluoSpheres® 1.58±0.12* 2 
TNF-α + Silica +PEG + FluoSpheres® 1.41±0.10*# 5 

Note: asterisks (*) and number signs (#) indicate significant difference (p < 0.05) from the negative control 
and positive control (i.e. 5 ng mL-1 TNF-α), respectively. 

For each P(SiO2 + TNF-α) generated with the spray chamber held at elevated 

temperature, there was no observable breakdown of the silica agglomerate in solution.  

To obtain a measure of the interactions between the compounds with the TNF-α  

present in these particle types, P(SiO2 + TNF-α) were dosed into medium in wells not 

containing cells by nebulizing starting mixtures for 25 minutes at the nuET, followed by 

an incubation period of 2 hours, after which the serum-free medium was either 

transferred directly into another well containing A549 cells, or the serum-free medium 

collected was filtered (0.2 µm pore size).  The purpose of the filtration step was to 

remove particles larger than 0.2 µm from the serum-free medium.  The filtrates were 

then transferred to different wells containing a culture of A549 cells.  Following an 18-

hour incubation period, all of these cultures were harvested and processed for ICAM-1 

expression.  The measured ICAM-1 up-regulation affected by the two different 

preparations of the dose was similar.  In parallel, A549 cells were incubated with known 

concentrations of soluble TNF-α to generate a range of ICAM-1 responses that 

bracketed the sample ICAM-1 responses.  The data indicate that an estimated 10±3% of 
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the TNF-α was active and bioavailable.  The remaining 90% of TNF-α, was either non-

active (e.g., heat denaturation during the brief passage through the elevated 

temperature spray chamber) and/or non-bioavailable (e.g., physically bound to or within 

the silica particle agglomerate).   
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Figure 3.4:  Normalized ICAM-1 expression after 18 h. incubation of A549 cells 
as a function of dose of either PSiO2 or P(SiO2 + TNF-α) with the spray 
chamber at A) room temperature and at the B) non-uniform elevated 
temperature.  The negative control (no dose) and positive control 
(100 ng ml-1 soluble TNF-α) were normalized to 0 and 1, respectively.  
Each data point corresponded to a single sample (n = 1).  The x-axis 
and y-axis propagated uncertainties arose from the no. of images (k 
= 3) captured per sample at each setting.  The number of cells also 
contributed to the x-axis uncertainty, which was derived from the 
count of a single culture via a hemacytometer across multiple 
experiments (n = 4). 
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The data presented in Figure 3.4 illustrate that for the condition of delivering up 

to ~2.5 particles per cell, the expression of ICAM-1 by A549 cells in response to doses of 

PSiO2 was not different from the negative control.  However, silica has been reported to 

induce cell apoptosis and cellular expression using A549 monocultures.  For instance, 

Wottrich and co-workers measured the relative lethality of a standard, micron-size, 

quartz particle type, DQ12, relative to amorphous SiO2 nanoparticles of 60 and 100 nm 

diameter.126  DQ12 particles were more cytotoxic compared to both amorphous SiO2 

nanoparticles.  The measured lethality for DQ12 particles was 2, 8, 22, 37% for A549 

cells at doses of 10, 50, 100, and 200 µg ml-1, respectively.  These values correspond to 

equivalent surface coverage doses of ~6.1, 30.3, 60.6 and 121 µm cm-2, respectively.  In 

a study by Singh and co-workers, a 16 µg cm-2 dose of DQ12 did not up-regulate IL-8 in 

A549 cultures, whereas a higher dose of 80 µg cm-2 caused increased expression.137  

Lin and co-workers used amorphous SiO2 nanoparticles with median diameters of 15 

and 46 nm, and standard micron-size quartz particle type, Min-U-Sil 5.104  The cell 

viability of A549 cells exposed to Min-U-Sil 5 particles, at concentrations of 10, 50 and 

100 µg ml-1 was 95.1, 85.2, and 81.0%, respectively.  The Min-U-Sil 5 concentrations of 

10, 50 and 100 µg ml-1 corresponded to an estimated cell surface coverage of 5.2, 26, 

and 52 µg cm-2 respectively.  Hetland and co-workers used amorphous SiO2 

nanoparticles and size fractionated quartz particles from another standard quartz particle 

type, Norquartz-45, at mean diameters of 10, 2, and 0.5 µm.127  Statistical significance 

was not reported, but the expression for the 2 µm quartz particles deviated from the 

control at an estimated 30 µg cm-2 and 10 µg cm-2 for IL-6 and IL-8, respectively.  At the 

highest dose of 100 µg cm-2, IL-6 and IL-8 expression increased 5.5- and 3.1-fold 

relative to the control, respectively.  

In this study, total particle deposition efficiency was measured as 3.4±0.6%, 

which corresponded to a maximum estimated dose (i.e. 30 min. exposure period) of 

56±10 µg, 28±5 µg ml-1, or 6±1 µg cm-2.  Though the experimental apparatus and 

methodology used in this report was different from the aforementioned studies, primarily 

the dosage of micron-size amorphous silica nanoparticle agglomerates (this work) as 

opposed to amorphous nanoparticles or micron-size crystalline particles, the dosage 

values are comparable at the lower end of mass coverage across this and the 

referenced studies.  Recall, a mass coverage of 6.1 µg cm-2 in the Wottrich study and 
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5.2 µg cm-2 in the Lin study did not significantly decrease cell viability.  Although the 

required silica concentration to induce ICAM-1 response from A549 monocultures is 

lacking in literature, other pro-inflammatory proteins, namely IL-6 and IL-8, have been 

explored extensively.  As shown in the studies by Hetland and Singh, it appeared these 

cytokines were not up-regulated until a dose of approximately 10 to 30 µg cm-2 was 

applied onto cell cultures.  It is therefore not surprising that differential expression for 

both IL-6 and IL-8 from A549 cells in this work was not observed upon the delivery of 5.9 

µg cm-2 PSiO2 (Figure 3.5).  In using the methodology reported herein, obtaining a surface 

coverage higher than 5.9 µg cm-2 could be achieved, but aggregation of particles, even 

in the absence of cell interactivity, increased the difficulty, and error, in obtaining an 

accurate particle count.   

The limited A549 response following incubation with PSiO2 prompted the use of 

co-cultures as a means to increase cellular response and method sensitivity while 

maintaining an accurate particle count.  Co-cultures of A549 and THP-1* cells were 

prepared, and to expand the readout of cellular response assessment, cytokines IL-6 

and IL-8 were included in assessing culture response (Figure 3.5).  IL-6 levels were 

significantly greater from co-cultures exposed to PSiO2, whereas the expression of IL-8 

was not affected.  ICAM-1 response from the co-cultures was assessed, but it was found 

that ICAM-1 was elevated to the extent that a measurable difference between the 

negative and positive controls was too small to be quantitatively useful for these 

experiments.   
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Figure 3.5:  A) IL-6 and B) IL-8 expression after 18-hour incubation of A549 cell 
cultures or A549 + THP-1* co-cultures grown to a 15:1 ratio and 
dosed with silica particles.  Silica = PSiO2 as described in the 
experimental section.  Starting solution uptake rate was 15 µl min-1, 
PSiO2 exposure time to each cell culture was 10 min, with particle-to-
cell ratios of 1.90±0.08 and 0.99±0.26 for the monocultures and the 
co-cultures, respectively, and 10 ng ml-1 TNF-α represents the 
positive control in which the TNF-α was introduced in soluble form.  
Single and double number signs (# and ##) indicate samples 
statistically different (p < 0.01) than the control cultures for A459 
cells and A549 + THP-1* cells, respectively; where n = 3 for control 
cultures and TNF-α samples, and n = 6 for silica samples.   
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3.4.4. Conclusions 

A particle generation apparatus and associated methodology were developed 

and used to perform multi-compositional particle dose-response studies using human 

lung mono- and co-cultures.  The apparatus readily affords particle doses at the level of 

0.1 to 2.5 particles cell-1 over an exposure time spanning 1 to 10 minutes, but up to 30 

minutes was demonstrated.  The potential utility of the method was illustrated with a 

multi-component particle type (i.e. P(SiO2 + TNF-α)).  This particle type incorporated the 

compound TNF-α that was used as the positive control directly into the particle, and as 

such, provided a method control.  In particles generated with the spray chamber at room 

temperature, which did not remain intact in the growth medium, the cellular response as 

a function of the calculated dose delivered as P(SiO2 + TNF-α) indicated that all TNF-α 

delivered was bioavailable.  Conversely, in particles that were generated with the spray 

chamber at elevated temperature, which remained intact in the growth medium, ~90% of 

the TNF-α delivered to the cell culture was either denatured or remained bound to or 

entrapped within those particles and was not bioavailable. 
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Chapter 4.  
 
Deposition of Heterogeneous Respirable Agricultural 
Soil Particle Mimics on Human Lung Cell Cultures 
and their Effects on Cellular Response 

4.1. Abstract 

The effect of binary particle types on human lung cell culture responses was 

investigated for particles composed of soluble and insoluble material at atmospherically-

relevant mass ratios.  Particles were delivered via a calibrated in-house dose-response 

nebulizer-spray chamber apparatus.  Silica (SiO2) was selected as the primary insoluble 

component and lipopolysaccharide (LPS) and nickel cation (Ni2+) were selected as 

soluble secondary components.  These compositions were intended to represent three 

major particle types (crustal oxides, biological material, and metal, respectively) and 

were generated at representative ratios found in natural PM10.  Cellular response was 

assessed by measurement of cytokines interleukin (IL)-6 and IL-8 concentrations in the 

supernatant after 18 h. incubation.  Particles containing silica plus LPS (P(SiO2+LPS)) 

stimulated increased IL-6 and IL-8 secretion relative to silica particles (PSiO2) at an LPS 

to silica mass ratio as low as 91 ppm.  In contrast, silica plus nickel particles (P(SiO2+Ni
2+

)) 

at a nickel to silica mass ratio of 5,000 ppm (the highest nickel to silica mass ratio 

achievable) showed no increased effect on cytokine levels.  Bioavailability for P(SiO2+LPS) 

was 10±3% and 1.0±0.6% for LPS to silica mass ratios of 91 ppm and 910 ppm, 

respectively.  This result suggests that LPS was bound to/within the silica particle, which 

reduced its bioavailability.   



 

92 

4.2. Introduction 

Inhalation exposure to ambient particulate matter (PM), a heterogeneous mixture 

of solid and liquid particles suspended in the atmosphere, has been strongly linked to 

the pathogenesis of several respiratory and cardiovascular diseases, and subsequently, 

premature mortality.7  Targeting the more toxic components of PM may reduce risk for 

mortality.  Therefore, there is interest in measuring PM speciation19 and how different 

components of PM affect cell function and viability.  The major constituents found in 

ambient PM are crustal matter, biological materials, metals, organic carbon, elemental 

carbon, particle-bound water, marine salts, and inorganic ions: ammonium, sulphate, 

and nitrate.18  PM heterogeneity extends to single particles;  for example, single particle 

scans of suspended soil dust in rural areas via aerosol time-of-flight mass spectrometry 

suggest that individual particles contain compounds from several of the aforementioned 

PM species.29 

Many in vitro studies are conducted with the intent to gain insight on relative 

particle toxicity from monitoring biological response,95, 105, 138 and related biological 

mechanisms of disease pathogenesis.139-140  In the use of sampled PM, it is delivered 

onto cell cultures as a particle suspension in cell media, and cellular response is 

measured after an incubation period.  Sampled PM generates cellular response 

reflective of the entirety of PM.  Particle mimics of single compositions have been used 

to better understand compositional toxicity.  Nevertheless, PM is complex and 

interactions between compositions may affect cellular response, either negatively or 

positively, and subsequently, particle toxicity.  Priming cells, dosing with a known 

stimulant, e.g., LPS,141 to initiate cellular pathways, and pre-treating particles, adsorbing 

soluble compounds onto the surface of insoluble compounds, e.g., LPS onto silica,87 are 

two approaches to expose cell cultures to particles with multiple components.  There are 

also several elaborate apparatuses used for in vitro PM dose-response studies.  Two 

examples are an electrostatic precipitator that concentrated and precipitated PM from 

air, which removed the handling step associated with particle suspensions,89  and a dust 

generator that delivered PM2.5 at limited amounts used to deliver multi-day exposures 

that better resemble real world exposure.88   
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In our study, a nebulizer apparatus was assembled in-house and used to 

administer controlled binary particle types composed of soluble and insoluble phases 

onto human lung cell cultures.  Due to their common occurrence in the atmosphere, 

strong associations with respiratory diseases, and extensive background involving in 

vitro studies, silica was selected as the primary insoluble component to represent crustal 

oxides, and secondary soluble components LPS and nickel were selected to represent 

biological matter and metals, respectively.  These compounds in the particles were 

delivered at atmospherically-relevant ratios based on sampling studies involving ambient 

PM10 and respirable agricultural soils.  Although it appears sulphate is a more common 

counter ion for atmospheric Ni2+,142 nitrate was selected as the counter ion because 

nitrate is a major species found in the atmosphere and has been detected on suspended 

soil particles from single particle scans.29  Finally, the amplification or reduction in 

cellular response relative to the summation of responses stimulated by their individual 

compositions was monitored.  In doing so, insight was gained on compositional 

interactions within these binary particle systems and how such interactions may affect 

cellular response. 

4.2.1. Background on Silica, Endotoxin, and Nickel as it Applies to 
Particulate Matter 

Silica 

The Earth’s crust is comprised of more than 90% of silicate minerals, including 

silica (SiO2) found at 12%.134  Major sources of airborne silica include unpaved roads, 

construction, paved roads, wind erosion, agriculture, and quarrying and mining.5  Forest 

fires, power plants, ceramic, brick, and clay industries, and metallurgy are also 

contributors.  Silica has many forms, including amorphous silica and its crystalline 

states: quartz, cristabolite, tridymite, and various other less occurring forms.  Note that 

cristabolite and tridymite are negligible in PM except in regions having high volcanic ash 

emissions.17, 143 



 

94 

Paoletti and co-workers measured levels of urban airborne silica in a series of 

experiments in Rome, Italy.  The authors measured crystalline silica content in PM10 for 

a week in each of the four seasons in 1994, and determined a weekly mean ranging 

1.7% to 3.4% with a combined average of 2.4%.131  The authors revisited silica sampling 

from 2004-2005, this time with emphasis on meteorological influences.16  From the 11 

daily sampling sessions an average of 4.4% silica content was obtained.  The size 

distribution of ambient silica in these studies was also measured.  In 2004-2005, silica 

particles were 1.03 µm in summer and 1.33 µm in winter with more than 87% of particles 

less than 2.5 µm.16  The authors suggested the difference in size was possibly 

associated with meteorological episodes transporting silica particles across the 

Mediterranean from desert areas of Africa.  These size distributions somewhat 

contrasted the previous Rome study in which the annual mean was 4.3 µm and the 

majority of particles were greater than 2.5 µm, but less than 4 µm.131  The discrepancy 

between these observations was not commented on.   

Average quartz concentrations measured in 22 U.S. cities in 1980 ranged from 

1.0% to 9.0% (avg. 4.9%) for PM(2.5 to 15) and non-detectable to 2.6% (avg. 0.4%) for 

PM2.5.143  Note these percentages where relative to total PM15 rather than their 

respective fractions.  In a point source study, airborne respirable quartz was measured 

1495 m upwind of a sand and gravel facility in California, and at four downwind sites 

22 m, 62 m, 259 m, and 745 m from the facility.132  Not surprisingly, higher quartz 

content was measured downwind and in closer proximity to the facility. Quartz content 

was measured at a calculated 13% for the upwind site and 26%, 18%, 25%, and 14% for 

the downwind sites, respectively.  For a summary of these values, along with analogous 

values for endotoxin and nickel, see Table 4-1. 

A few other reports have studied the size distribution of silica based on mass 

instead of frequency.  For PM15 measured in the 22 U.S. city study cited above, silica 

content was over 10-fold higher for PM(2.5 to 15) relative to PM2.5 at calculated averages of 

4.9% and 0.4%, respectively.143  In another study, particle size distributions spanning 0 

to > 32 µm were obtained for airborne silica dust at various mining operations in Ontario, 

Canada.144  On average, a calculated 10.7% were less than 2 µm, 55% fell between 2 

and 4 µm, 72% were less than 8 µm, and only 5.6% was found between 8 and 16 µm.  
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However, if these studies were based on particle frequency rather than mass, the 

distribution would shift towards the fine fraction. 

Silica inhalation exposure has been strongly linked to adverse health effects.  

Silica inhalation exposure can lead to silicosis, a respiratory disease exclusive to silica 

exposure.  Silicosis itself is categorized into acute, accelerated, and chronic states.5  

Acute silicosis resulting from intense silica exposure manifests as fluid derived from 

fractured cells in the air spaces, particularly in the upper regions of the lung, resulting in 

shortness of breath similar to that of pulmonary edema.  Chronic silicosis, the most 

common form, is the result of exposure to relatively low levels of silica for more than 10 

years.  Briefly, endocytosis of silica by macrophages result in the secretion of fibrogenic 

factors, including interleukins, which stimulate increased collagen production.  

Hyalinization, the conversion of collagen into a glassy, translucent substance, produces 

silicotic lesions, and their growth can lead to fibrotic scarring, particularly in the alveolar 

region.  Symptoms include dry cough, sputum production, and reduced pulmonary 

function.  Accelerated silicosis shares symptoms with chronic exposure, but is the result 

of 5 to 10 years of relatively high exposure.  Crystalline silica is considered as the more 

toxic form.  For instance, only crystalline forms are observed to induce silicosis.78  Lung 

cancer from silica exposure is also limited to crystalline silica forms quartz and 

cristabolite.134  The reduction in toxicity for amorphous silica may be linked to its higher 

solubility and more rapid particle clearance.5 

Finally, there is an abundance of information that shows up-regulation of cellular 

response upon the dosage of both crystalline and amorphous forms onto human lung 

cell cultures.  Silica exposure to human lung cell cultures increases expression of 

inflammatory cytokines, reactive oxygen species and their indicators, as wells as 

cytotoxic markers.126, 145-146 

Endotoxin and Lipopolysaccharide 

Lipopolysaccharide (LPS) is a component of endotoxin found in the outer layer of 

the cell wall of Gram negative bacteria.147  LPS consists of a hydrophobic anchor in 

Lipid A, which is responsible for its toxicity, a non-repeating oligosaccharide, and a distal 
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polysaccharide.148  Due to its ability to stimulate cellular response, LPS is often used as 

a control in in vitro dose-response studies.149-150  Since the molecular weight of 

endotoxin ranges from 10,000 to 1,000,000 Da, mass concentration is replaced by 

endotoxin units (EU), which represent the activity of the endotoxin.  However, a 

commonly used approximation for the equivalent mass of an EU is 10 ng and this value 

will be used to estimate endotoxin mass ratios in the paragraphs below.   

Endotoxins are ubiquitous in the environment, and high exposure is observed in 

agricultural and workplace settings such as textiles and waste collecting.151  An 

extensive study measuring endotoxin levels in various urban locations in Southern 

California suggested a strong correlation of endotoxin with PM10, but not PM2.5.152  This 

result was echoed in samples from two small urban locations in Germany, with 

calculated average geometric mean endotoxin to PM ratios of 0.75 EU mg-1 

(~0.075 ppm) and 11.3 EU mg-1 (~1.1 ppm) for PM2.5 and PM(2.5 to 10),153 and to a lesser 

extent, at two sites in Mexico City, measured as 16.96 EU mg-1 (~1.7 ppm) for PM2.5 and 

44.72 EU mg-1 (~4.5 ppm) for PM10.154  Moreover, both the California and Germany 

studies showed seasonal variation as higher endotoxin content was reported in summer.  

In the California study, the geometric annual mean of endotoxin and PM10 across all 

sites was measured as 0.44 EU m-3 (~0.044 ng m-3) and 34.6 µg m-3, respectively, 

corresponding to a ratio of 13.6 EU mg-1 (~1.36 ppm).152  The lowest and highest annual 

mean ratio of endotoxin to PM10 was at a Los Angeles basin urban site at 3.8 EU mg-1 

(~0.38 ppm) and a desert urban site at 61.2 EU mg-1 (~6.12 ppm). 

High levels for outdoor endotoxin content have been measured at agricultural 

sites.  For instance, a calculated geometric mean of 60.7 EU mg-1 (~6.07 ppm) was 

measured outside of rural residencies in a region of high agricultural activity for PM10.155  

Average endotoxin content was measured at an estimated 150 EU mg-1 to a referenced 

360 EU mg-1 (~15 ppm to 36 ppm) 30 m downwind from swine livestock operations, and 

a calculated 1,600 EU mg-1 and 2,300 EU mg-1 (~160 and 230 ppm) inside barns.152, 156  

It should be clear that as with all outdoor ambient particle types, endotoxin levels can 

vary, especially at sites close to point sources.  However, the studies conducted across 

multiple urban sites in Southern California, Germany, and Mexico City suggests 

endotoxin content is frequently measured above 1 ppm in PM10 samples. 
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Interestingly, endotoxin inhalation exposure has been linked to affect human 

health both negatively and positively.  Negative adverse human health effects include 

byssinosis or toxic pneumonitis, reduced lung efficiency, chronic obstructive pulmonary 

disease,147 and possibly non-atopic asthma.157  Positive effects due to endotoxin 

exposure has been suggested to reduce lung cancer,147 as well as lower prevalence of 

atopic asthma and allergic sensitization in both children and adults.151 

The increase of chronic obstructive pulmonary disease, and decrease in lung 

cancer, appear to be associated with inflammatory response.147  Briefly, LPS binds to a 

lipopolysaccharide-binding protein (LBP), and that LPS-LPB complex interacts with Toll-

like receptor (TLR)-4 found on macrophages, which subsequently induces a kinase-

signalling cascade, activates transcription factor nuclear factor-κB, and stimulates 

cytokines such as tumor necrosis factor (TNF)-α and members of the interleukin (IL) 

family including IL-6 and IL-8.147  These inflammatory mediators attract neutrophils, 

which primarily serve to remove foreign material via phagocytosis.  However, the 

presence of neutrophils and their secretions of elastase can induce excessive mucus 

production, a key factor in the development of chronic obstructive pulmonary disease.147   

The mechanism behind the reduction in lung cancer upon endotoxin exposure is 

less defined.  The general consensus is an enhanced ability to identify and eliminate 

cancer cells through modulation of the balance between Th1 (cellular) and Th2 

(humoral) immunity.  For example, LPS is known to up-regulate IL-12 and IL-12 is known 

to induce Th1 T lymphocyte differentiation, which in turn target established tumor 

cells.147 

Nickel 

Natural sources of nickel include windblown dust, volcanic eruptions, and forest 

fires.  Anthropogenic sources include mining, smelting, refining, alloy production, fossil 

fuel/wood combustion, and waste incineration.158  Nickel content in PM has been 

measured at a calculated 64 ppm in PM7.2, calculated 25 ppm in total suspended 

particles, and 125 ppm in PM10 in urban locations: Birmingham, UK,159 Seville, Spain,160 

and Lecce, Italy,161 respectively.  The size distribution of nickel-containing particles was 
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also determined in the Seville study.  As with most metals, the majority of particles 

containing nickel were sub-micron in diameter:  72.6% of particles containing nickel were 

less than 0.61 µm and 20.5% of particles were above 2.7 µm.  In a point source study, 

annual mean nickel concentrations were measured at a calculated 0.67% for total PM10 

content at monitoring sites in residences (or areas) in close proximity to nickel/copper 

smelters in Sudbury, Canada.162  This value was substantially larger than the calculated 

background mean range of 63 ppm to 170 ppm observed at sites removed from point 

sources in the Canadian Shield and Great Lakes.   

Nickel inhalation exposure has been associated with increased risk for various 

adverse health effects.  Some examples include cardiovascular disease for residents in 

close proximity to a nickel smelter,163 cardiovascular hospitalizations for the elderly,164 

allergic sensitization in children,165 nasal and lung cancer for nickel smelter workers,166 

and mortality and pneumoconiosis for nickel refinery workers.167   

In vitro studies parallel the toxicity reported from in vivo nickel exposure.  Soluble 

nickel chloride was reported to inhibit hypoxia inducible factor prolyl hydroxylases in 

alveolar lung epithelial cells.  This observation was relevant as hypoxia inducible factor-α 

inhibition is associated with enhanced cell survival and lung cancer.168  IL-8 was 

upregulated upon the dosage of nickel subsulfide particles < 2.5 µm onto bronchial 

epithelial cells,169 and soluble nickel sulphate onto alveolar lung epithelial cells.149  IL-8 is 

a pro-inflammatory cytokine that predominately attracts neutrophils by chemotaxis, and 

elevated levels upon nickel exposure have been associated with pulmonary fibrosis and 

lung tumours.169  Reactive oxygen species (ROS), which are capable of causing 

damaging oxidation reactions in the lung, and/or their biomarkers: glutathione depletion 

and membrane lipid peroxidation, and cytotoxic biomarkers: mitochondrial function and 

lactate dehydrogenase leakage were all detected upon the dosage of nickel (Ni) 

nanoparticles and nickel ferrite nanoparticles (NiFe2O4) onto human alveolar epithelial 

cells.170-171 
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Table 4-1: Silica, Endotoxin, and Nickel Mass Content in PM at Various 
Sampling Locations 

Species Investigators Location Sampling 
Location 

Particle 
Size 

Mean 
Total 
Mass 

Content 

Mean Total 
Mass Content 

Range 

Silica 

Puledda et al.131 
De Berardis et al.16 

Rome, Italy Urban PM10 3.4% 2.4% to 4.4% 

*Davis and 
Johnson143 

22 U.S. 
Cities Urban 

PM2.5 0.4% 0% to 2.6% 
PM(2.5 to 15) 4.9% 1.0% to 9.0% 

**Shiraki and 
Holmén132 

Southern 
California, 

U.S. 

Sand and 
Gravel 
Facility 

PM10 21% 14% to 26% 

#Endotoxin 

Mueller-Anneling 
et al.152 

Southern 
California, 

U.S. 

Rural and 
urban 

communities 
PM10 1.4 ppm 0.38 to 6.1 ppm 

Heinrich et al.153 
Hettstedt 

and Zerbst, 
Germany 

Urban 
PM2.5 

0.075 
ppm 0.07 to 0.08 ppm 

PM(2.5 to 10) 1.1 ppm 1.09 to 1.17 ppm 

Osornio-Vargas et 
al.154 

Mexico City, 
Mexico Urban 

PM2.5 1.7 ppm 1.2 to 2.2 ppm 
PM10 4.5 ppm 3.0 to 5.9 ppm 

Pavilonis et al.155 Iowa, U.S. Agricultural 
Community PM10 6.1 ppm Unknown 

***Thorne et al.156 Iowa, U.S. 
Swine 

livestock 
operations 

PM10 27 ppm 15 to 36 ppm 

Nickel 

Birmili et al.159 Birmingham, 
U.K. Urban PM7.2 64 ppm - 

Fernandez 
Espinosa et al.160 

Sevile, 
Spain Urban TSP 25 ppm - 

Contini et al.161 Lecce, Italy Urban PM10 125 ppm - 

Newhook et al.162 

Sudbury, 
Canada 

Nickel 
smelter PM10 0.67% 0.33% to 1.05% 

Canadian  
Shield/Great 

Lakes 

Sites 
removed 

from point 
sources 

PM10 Unknown 63 to 170 ppm 

*relative to PM15; **based on four downwind sites within 750 m of the facility; ***based on estimations from 
logarithmic plots (also includes information from previous work as referenced in Muller-Anneling et al.); 
#mass content based on the assumption that 1 EU = 10 ng; TSP = total suspended particulates 
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4.2.2. Speciation of Single Soil Particles 

Single particle analysis suggests that compositional heterogeneity of PM extends 

to single particles.  For example, single particle scans were performed on suspended 

soil/dust particles between 1 and 3 µm via aerosol time of flight mass spectrometry.29  

Soil particles larger than 3 µm were not analyzed due to limitations of the instrument.  A 

positive ion mass spectrum from a single particle scan of a mountain soil 1.6 µm in 

diameter was labelled with peaks: hydrogen, oxygen, sodium, aluminum, potassium, and 

iron.  That particular spectrum type was described as the most common for ambient soil 

particles sampled in the area.  A negative ion mass spectrum from a single particle scan 

of a mountain soil 2.3 µm in diameter was labelled with peaks: hydrogen, carbon, 

oxygen, cyanide, chloride, phosphate ions, silicate markers, and aluminum silicate.29 

Each of the single particle scans indicated the chemical diversity of single soil 

particles.  Most of the signals detected in this study likely corresponded to minerals.  The 

most common crustal mineral group, feldspars, occupies a combined 51% of the Earth’s 

crust, and common feldspars have chemical formulas: KAlSi3O8, NaAlSi3O8, and 

CaAl2Si2O8.  Silica and pyroxenes, mainly MgSi2O6 or FeSi2O6, contribute to 12% and 

11% of the Earth’s crust, respectively.  These core minerals cover a majority of the 

labelled peaks.  However, the carbon peak was suggested to be of either organic or 

carbonate origin.  Furthermore, the presence of the cyanide anion was identified in over 

70% of the single particle scans and was suggested to represent organic matter.  

Chloride was also detected.  It does not form complexes readily,172 and therefore 

primarily exists as simple salt minerals in soil, e.g., NaCl and KCl.  Nitrite and nitrate ions 

were also routinely measured and were suggested to represent gas phase nitrogen 

species that had interacted with the soil particles; a reasonable assumption given that 

nitrate is among the major compounds identified in ambient particulate matter sampling 

and is particularly high in urbanized regions due to vehicular emissions.18  In summary, 

evidence suggests that even single, suspended, micron-sized, soil particles contain a 

mixture of compositions from the various speciation groups.  In the illustrated example, 

which was indicative of respirable soil particles found in Southern California, a single soil 
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particle was identified to contain elements found in crustal minerals, organic material, 

salt, and nitrates. 

4.2.3. Silica, Endotoxin, and Nickel Content in Agricultural Soils 

It should be clear that single, airborne, respirable particles can be composed of 

multiple compositions spanning multiple species, particularly for soil particles, but how 

does it relate to the three compounds selected for this study?  Silica, endotoxin, and 

nickel are three very different components, each with their own set of source emissions, 

yet an emission source that overlaps the three components is windblown agricultural 

soils. 

Silica is highly present in soils due to its abundance in crustal matter.  Quartz 

content was measured in sieved soil particles less than 4.5 µm for sandy loam, clay, and 

sandy agricultural soils in North Carolina at 15.2%, 2.2% and 29.0% respectively.173  In 

rural Alberta, quartz content of total suspended particles, of which the majority was 

˂ 5 µm, ranged from 0.85% to 17.5% for 12 farm sites.174  Recall, quartz content in PM10 

is routinely measured above 1%. 

Endotoxin also has a strong correlation to suspended agricultural soils.  Firstly, 

airborne bacteria are typically soil bacteria including Gram negative Proteobacteria.34  

Further, while soil dust is largely mineral in composition, it contains a small amount of 

organic matter that is mostly comprised of micro-organisms.175  Recall, endotoxin is 

found in the cell wall of Gram negative bacteria.  Viau and co-workers measured 

endotoxin mass content as 7.9 ppm in aerosolized agricultural soils in both sandy loam 

and sandy clay soils.150  These values are comparable to endotoxin content in PM10.  In 

the same study, endotoxin content was measured for two aerosolized biosolid composts 

and bovine manure compost, as 250 ppm, 400 ppm, and 630 ppm. 

Endotoxin is less abundant in natural windblown dusts.  Endotoxin was not 

detected in Asian and Arizonan sand dusts.176  Furthermore, total protein concentration 

was used to represent total biological concentration for coarse and fine fractions for 
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desert and urban-fringe, i.e. in close proximity to agriculture and major roadways, 

aerosols.177  Protein concentration was correlated to the coarse fraction, but not the fine 

fraction, and was higher for urban-fringe aerosols in all seasons.  This study provides 

further proof that endotoxin is less likely to exist in non-agricultural soils.  

As for nickel, elemental concentrations were measured upon collection of soils 

from four categories: arable land, vineyards, sand, and olive groves at sampling 

locations within 25 km of Lecce, Italy.178  These soil particles were sieved through a 2 

mm mesh and analysed for metal content.  Nickel content is these sieved soil particles 

was measured at a mean 20.1 ppm and is comparable to that measured in five rural 

sites in the United States, i.e. calculated 12 ppm.179  However, the sieved soil particles 

were also suspended in air and sampled for PM10.  Nickel content was measured at a 

mean 158.9 ppm for these suspended 10 µm soil particles.  The increase in nickel 

content suggests nickel is more prominent in smaller soil particles.  Furthermore, it was 

higher than the nickel content for suspended 10 µm urban dust, i.e. 77.2 ppm, but more 

comparable to atmospheric PM10, i.e. 125.2 ppm, as previously measured in the 

region.161  Nickel mass content was also measured in the aforementioned Viau study as 

98.2 ppm and 137.6 ppm in aerosolized sandy clay and sandy loam agricultural soils, 

respectively.150 

Particulate matter has been suggested as a good indicator of soil metal 

contamination.179  In a point source study in Sudbury, Ontario, nickel content was 

measured in surface soil at varied distances from a nickel/copper smelter ranging from 

3000 ppm 1 km away and 100 ppm 76.5 km away.180  Nickel content in PM10 reflected 

the former high soil concentration and was measured at 1% (10,000 ppm) in this 

region.162  These values, along with those corresponding to silica and endotoxin, are 

summarized in Table 4-2. 
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Table 4-2: Silica, Endotoxin, and Nickel Mass Content in Respirable 
Agricultural Soils 

Species Investigators Particle Type and 
Sampling Method 

Particle 
Size Soil/Crop Type 

Total 
Mass 

Content 

Silica 

Stopford and 
Stopford173 

Sieved agricultural 
soils and collected 
for PM4.25 via an 

Andreasan pipette 
PM4.25 

Sandy loam 15.2% 
Clay 2.2% 

Sand 29.0% 

Green et al.174 
Airborne dust 

samples from tractor 
air filters 

Majority 
< 5 µm 

Cereal-grain Ranged 
0.85% to 

17.5% Forage 

Endotoxin Viau et al.150 
Sieved agricultural 

soils and aerosolized 
for PM10 collection 

PM10 
Sandy clay 7.9 ppm 
Sandy loam 7.9 ppm 

Bovine manure compost 400 ppm 

Nickel 

Cesari et 
al.178 

Sieved agricultural 
soils and aerosolized 

for PM10 collection 
PM10 

Arable land 
Combined 
mean of 

158.9 ppm 

Vineyard 
Sand 

Olive grove 

Viau et al.150 
Sieved agricultural 

soils and aerosolized 
for PM10 collection 

PM10 
Sandy clay 98.2 ppm 
Sandy loam 137.6 ppm 

Bovine manure compost 37.6 ppm 

4.3. Experimental 

4.3.1. Materials 

LUDOX® TM-50 (Sigma-Aldrich, 420778) is a colloid of amorphous silica 

nanoparticles at 50% wt. (calculated 700 mg mL-1) ranging from 20 to 30 nm in diameter, 

density 1.4 g cm-3.  LUDOX® TM-50 was used as the source of silica as the primary 

composition of particles generated and dosed onto cultures in this work.  Polyethylene 

glycol (PEG) (Sigma-Aldrich, 202444) at a molecular weight (MW) of 3,350 g mol-1 was 

incorporated into the particles to assist in the wettability of deposited particles.  

FluoSpheres® (Invitrogen, F-8787), provided at 2% solids (calculated 20 mg mL-1) as a 

colloid, are polystyrene beads, density 1.055 g mL-1, approximately 28 nm in diameter 
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having an estimated 180 fluorescein molecules entrapped within each bead.  These 

beads were incorporated into the particles to facilitate particle observation, via 

fluorescence microscopy, when particles were deposited onto cell cultures.  In one set of 

experiments, fluorescein sodium salt (Sigma-Aldrich, F6377) replaced FluoSpheres® to 

determine the deposition efficiency of particles delivered to cell cultures.  

Lipopolysaccharide (LPS) (Sigma-Aldrich, L2630) and soluble nickel, i.e. Ni2+, in the form 

of Ni(NO3)2·6H2O (Caledon Laboratories, 5380-1), were used as secondary components. 

4.3.2. Starting Mixture Concentrations and Particle Nomenclature 

LUDOX® TM-50, PEG, and FluoSpheres® were used to prepare a starting 

mixture with the following composition: 11 mg mL-1 silica, 7.85 mg mL-1 PEG and 1 mg 

mL-1 FluoSpheres® in distilled deionized water collected at ≥ 18.0 MΩ.  This starting 

mixture was vortexed and filtered through a 0.2 micrometer filter (VWR, 28145-477).  

After filtration, this starting mixture was aerosolized using the apparatus described 

below.  De-solvation of aerosol droplets resulted in precipitation of dissolved solids, and 

aggregation of dispersed nanoparticles, to produce a single particle per droplet, herein 

referred to as silica particles and abbreviated as PSiO2.  LPS and Ni2+ were incorporated 

into the existing silica, PEG, and FluoSpheres® mixture at concentrations ranging from 

100 ng mL-1 to 100 µg mL-1 LPS and 2.2 µg mL-1 (36.8 µM) Ni2+.  Their corresponding 

particle abbreviations are P(SiO2+LPS) and P(SiO2+Ni
2+

). The starting mixture used to 

determine deposition efficiency was prepared with silica and PEG at the same 

concentrations, but FluoSpheres® were replaced by fluorescein sodium salt at 

500 ng mL-1 (~13 nM).   

4.3.3. Co-culture of A549 and THP-1 Cells 

Co-cultures were comprised of A549 cells and THP-1* cells at a 15:1 ratio.  This 

ratio was obtained by growing cells at the seeding densities and times described below.  

A549 cells (American Type Culture Collection, CCL-185) are type II human alveolar 

bronchoalveolar carcinoma cells, and were used to represent the small airway lung 
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epithelium.  A549 cells were cultured in growth medium composed of F-12K medium 

(Sigma-Aldrich, N3520), which included 10% (v/v) fetal bovine serum (Invitrogen, 

12483020).  A549 cells were obtained at a passage number of 80, but the original 

passage number was unknown.  During the course of this study, A549 cells were 

passaged from 104 to 125.   

THP-1 cells (ATCC, TIB-202) are immortalized human peripheral blood 

monocytes and were cultured in growth medium composed of Roswell Park Memorial 

Institute (RPMI) 1640 medium (ATCC, 30-2001), 10% (v/v) fetal bovine serum, and 0.05 

mM 2-mercaptoethanol (Sigma-Aldrich, M3148).  The passage number was listed as 

unknown upon receipt.  Those cells were previously passaged 20 times, and were 

passaged from 21 to 40 during the course of this study.  To differentiate into 

macrophages, THP-1 cells were treated with 200 nM phorbol myristate acetate (PMA) 

(Invitrogen, TLRL-PMA) and incubated for 48 hours.  These differentiated cells will be 

referred to as THP-1* cells. THP-1* cells are unlike their non-differentiated form such 

that they adhere to surfaces, e.g., culture well surface and A549 cells, and do not divide. 

The co-cultures took four days to reach confluence.  On day one, A549 cells 

were seeded into ‘Cell+’ 6-well plates (Sarstedt, 83.1839.300) at ~150,000 cells per well 

in F-12K growth medium.  ~50,000 THP-1 cells were added to each well after 48 hours 

in a 1:1 ratio of F-12K growth medium and RPMI growth medium with 200 nM PMA.  

After 96 hours, the co-cultures had grown to ~90% confluence, and the THP-1 cells had 

differentiated into THP-1* cells, and were deemed ready for particle exposure.  At 1 hour 

prior to dosing, the medium was replaced with serum-free medium containing the two 

medium types, i.e. F-12K:RPMI at a 1:1 ratio with 200 nM PMA.  Assessment of the cell 

ratio was ascertained directly by counting A549 cells using a hemacytometer (Hausser 

Scientific, 1492) after an 18-hour incubation period.  This step was made possible since 

Trypsin-EDTA (0.05%) (Fisher Scientific, 25300-054) removed A549 cells from the well 

surface, but not THP-1*.  The final cell count for each well was approximately 750,000 

A549 cells and 50,000 THP-1* cells, otherwise a 15:1 ratio.  Note: this cell counting 

approach assumed THP-1 cells did not divide during the differentiation stage and there 

was 100% differentiation and cell viability.   
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4.3.4. Particle Generation and In Vitro Deposition onto Cell 
Cultures 

The apparatus assembled to nebulize starting mixtures and deliver particles, 

which are resultant from de-solvation of droplets in the aerosol, is depicted in Figure 4.1.  

A 1 mL syringe combined with an infusion pump (Harvard Apparatus, 702000) was used 

to deliver starting mixtures to a concentric nebulizer (Meinhard®, TR-50-A1) at 

15 µL min-1.  Meinhard® Fit Kits #1 and #2 were used to connect the syringe outlet to the 

tubing attached to the solution inlet of the nebulizer and the gas flow to the nebulizer, 

respectively.  Though the natural, or unrestricted, solution uptake of the nebulizer’s flow 

rate is ~1 mL min-1, the restricted solution uptake rates utilized here is referred to as 

starving the nebulizer, which is an approach that increases sample throughput efficiency 

from the point of introduction to the nebulizer through to the exit of the spray chamber.135  

However, the reduced uptake rate was affected by the nebulant gas flow as the starting 

mixture was often drawn out faster than the rate set by the infusion pump.  To 

compensate, the syringe plunger was clamped to the pump’s moving block, thereby 

allowing the desired controlled solution uptake rate of 15 µL min-1. 

Nebulant gas flow was controlled by a mass flow controller (MKS Instruments, 

1159B) used in combination with a single channel power supply readout (MKS 

Instruments, 246B) at the settings recommended by the manufacturer, 1 L min-1, 50 psi.  

Extra-dry compressed air (Praxair, AI 0.0XD-T) was utilized as the source of nebulant 

gas.  The aerosol generated by the nebulizer enters a spray chamber that was 

maintained at either room temperature (RT) or a non-uniform elevated temperature 

(nuET) via external heat lamps to increase the rate of solvent evaporation from the 

droplets.  Temperatures were recorded at various positions within the chamber at steady 

state, i.e. nebulizing distilled deionized water through the chamber once temperature 

reached equilibrium (~45 min.), by clamping a conventional thermometer that was 

inverted through the spray chamber outlet.  The centre of the chamber and chamber 

outlet were measured as 54 °C and 34 °C, respectively.  Internal measurements at 

positions closer to the external lamps gave higher recordings and were as high as 89 °C.  

The temperature of air along the sample solution inlet was also measured and did not 

exceed 36 °C. 
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In dosing a cell culture with particles, the outlet of the spray chamber with an 

internal diameter (di) of 27.8 mm was positioned directly over-top a single well 

(di = 35 mm) of a 6-well plate.  After the exposure time for a well was met, the chamber 

outlet was positioned over another well and done so in sequence until dosing of the 

entire 6-well plate was achieved.  In each well, a cell culture grown to ~90% confluence 

was exposed to the stream of particles exiting the spray chamber for a variable exposure 

time to affect different particle-to-cell dose ratios.  The volume of growth medium used 

(2 mL) was a trade-off between trying to minimize the depth of the growth medium to 

keep secreted mediators at detectable concentrations versus the volume of medium 

necessary to avoid cell death due to drying.  Particle delivery to each well, as described 

above, was performed in a sterile environment in a certified biosafety hood.  After 

deposition of particles, samples were placed in a cell culturing incubator (5% CO2, 

37 °C) for 18 hours. 
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Figure 4.1: Schematic of the formation of PSiO2 via the nebulizer-spray chamber 
apparatus with the spray chamber at the non-uniform elevated 
temperature (nuET) and at room temperature (RT). 

4.3.5. Determination of Relevant Mass Ratios from Sampling 
Studies 

It has been shown through single particle scans that particles originating from soil 

dust are diverse, heterogeneous mixtures of compounds.29  Furthermore, achieving 

atmospherically-relevant mass ratios for generated particles was a goal of this study.  

Therefore, endotoxin to silica and nickel to silica mass ratios were approximated based 
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on concentration ranges as determined from several ambient PM, point source, and 

respirable agricultural soil sampling studies.  Binary particle systems, P(SiO2+LPS) and 

P(SiO2+Ni
2+

), were generated at mass ratios relevant to respirable agricultural soils, which 

were also comparable to levels found in ambient PM10.   

First, silica, endotoxin, and nickel mass content were reviewed for their 

respective concentrations in ambient PM10 at various locations worldwide (Table 4-1).  

The mass content for silica, endotoxin, and nickel in ambient PM10 ranged from 

approximately 1 to 10%, 0.5 to 5 ppm, and 25 to 125 ppm, respectively.  In addition, in 

point source sampling studies, silica, endotoxin, and nickel were measured as high as 

26%, 36 ppm, and 1.05% in outdoor PM10, respectively.  The mass content ranges for 

these compounds suggest spatial and temporal global variability.  Silica, endotoxin, and 

nickel mass content were also reviewed for their respective concentrations in respirable 

agricultural soils (Table 4-2).  The mass content ranges for silica, endotoxin, and nickel 

in respirable agricultural soils were approximately 1 to 30%, 7.9 ppm, and 98 to 160 

ppm, respectively.  The aforementioned data was combined in Table 4-3.  Note: bovine 

manure compost was not used in the determination for the mass content range for 

endotoxin and nickel in respirable agricultural soils. 
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Table 4-3: Mass Content Ranges for Silica, Endotoxin, and Nickel in PM10 and 
Respirable Agricultural Soils 

Species Mass Content Range 
for Ambient PM10 

Max. Mass Content 
Found in PM10 in 

Close Proximity to a 
Point Source 

Mass Content Range 
for Respirable 

Agricultural Soils 

Silica 1% to 10% 26% 1% to 30% 
Endotoxin 0.5 ppm to 5 ppm 36 ppm 7.9 ppm 

Nickel 25 ppm to 125 ppm 1.05% 98 ppm to 160 ppm 
Note: see Table 4-1 and Table 4-2 for data and corresponding references used to determine the above 
mass content ranges. 

Mass ratio ranges between the listed compounds in Table 4-3 were 

approximated by overlapping their aforementioned ranges.  This approximation 

corresponded to endotoxin to silica and nickel to silica mass ratio ranges in ambient 

PM10 as 5 to 500 ppm and 250 to 12,500 ppm, respectively.  When applying the high 

levels as measured in point source studies, these ranges extended further, to 2 to 3,600 

ppm and 100 ppm to equivalent, respectively.  As for respirable agricultural soils, 

maximum endotoxin to silica and nickel to silica content mass ratio ranges were 

determined to be 26 to 790 ppm and 330 to 16,000 ppm, respectively.  Along with the 

mass ratios used in this study, all of the aforementioned mass ratio ranges are 

summarized in Table 4-4. 

Table 4-4: Mass Content Ratios for Endotoxin to Silica and Nickel to Silica 
Used in this Study 

Species 
Compared 

Mass Ratio Range for 
Ambient PM10 

Mass Ratio 
for Sampled 

PM10 in Close 
Proximity to 

Point 
Sources 

Mass Ratio Range for 
Respirable 

Agricultural Soils 

Mass Ratios Used 
in this Study 

Endotoxin 
to Silica 5 ppm to 500 ppm 2 ppm to 

3,600 ppm 26 ppm to 790 ppm 9.1 ppm; 91 ppm; 
910 ppm; 9,100 ppm 

Nickel to 
Silica 

250 ppm to 12,500 ppm 
(or 1.25%) 

100 ppm to 
equivalent 

330 ppm to 16,000 ppm 
(or 1.6%) 5,000 ppm 

Note: see Table 4-3 for data used to determine the above mass ratio ranges. 
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4.3.6. Development of Designed Particles: from PSiO2 to P(SiO2+LPS) 
and P(SiO2+Ni2+) 

Particles containing silica were developed first.  Particles were targeted to match 

a size distribution comparable to that of airborne silica, and at a maximum settling 

efficiency, but using starting mixture concentrations that avoided nebulizer clogging.  It 

was determined empirically that a starting mixture containing a calculated 22 mg mL-1 

silica nanoparticle concentration (based on 50% wt. content LUDOX® TM-50 with a 

density of 1.4 g mL-1) would routinely clog the nebulizer.  A reduction to 11 mg mL-1 did 

not clog the nebulizer within the total exposure time for each experiment (~1 h.) and was 

therefore chosen as the starting mixture concentration.   

Application of the 11 mg mL-1 silica nanoparticle suspension through the 

nebulizer-spray chamber apparatus afforded micron-sized silica particles.  However, 

these particles were difficult to visualize as they were translucent under a bright-field 

microscope.  Furthermore, cells exhibited significant background signal making it even 

more difficult to distinguish deposited particles.  Therefore, FluoSpheres®, fluorescent 

nanoparticles, were incorporated into the particles at a calculated 1 mg mL-1 (based on 

2% solid content and a density of 1.0 g mL-1).  Particles containing 1 mg mL-1 of 

FluoSpheres® were observable via fluorescence microscopy, and the reduced 

background signal permitted effective particle counting and size determination.  The 

addition of FluoSpheres® at this concentration did not clog the nebulizer.   

The spray chamber was maintained at an elevated temperature to improve 

particle intactness using heat lamps, which resulted in non-uniform temperature profiles 

in the spray chamber.  At the non-uniform elevated temperature (nuET), only 1.0±0.3% 

of silica (+ FluoSpheres®) particles wetted and submerged into the medium after 2 h. as 

determined through the described particle-counting technique at the air-medium and 

medium-cell interfaces.  To improve particle wetting, PEG was incorporated into the 

particles at 7.85 mg mL-1.  With the incorporation of PEG, the number of settled particles 

improved to 55±7% after 2 h.  This observation was attributed to enhanced particle 

wettability due to the moderate solubility of the ~3,350 MW PEG.  Nearly all (estimated 

as > 95%) of the particles that settled into the medium were ultimately found on the 
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bottom of the medium (and atop the cell surface).  The high density of the silica was 

thought to have assisted particle settling (upon particle penetration).  It is unknown how 

much PEG was retained in the particle, but assuming nearly all remained associated 

with the particle, it too would contribute to particle settling due to the increase in particle 

mass.  Particles remained intact with the addition of PEG at the nuET, but not at RT.  In 

control experiments, soluble PEG did not stimulate cellular response at very high 

concentrations (up to 1 mg mL-1).  Thus, PEG was inert with respect to cellular response. 

Particles containing silica, PEG, and FluoSpheres® were referred to as PSiO2.  

When delivered at the nuET, PSiO2 deposited onto the cell surface had a measured mean 

size distribution of 3.43 µm based on particle frequency and the vast majority ranged 

between 1 to 8 µm.  The size distribution of PSiO2 was similar to ambient airborne silica 

measurements, which were previously discussed.  In summary, a starting concentration 

of 11 mg mL-1 silica nanoparticles, 7.85 mg mL-1, and 1 mg mL-1 FluoSpheres® applied to 

the nebulizer-spray chamber apparatus at nuET did not clog the nebulizer, and 

effectively generated intact, observable, silica particles with a realistic size distribution, 

and a good settling efficiency.   

Addition of LPS was fairly straightforward; a stock solution of 5 mg mL-1 was 

prepared, and LPS was incorporated into the starting mixture to achieve LPS starting 

concentrations ranging from 100 ng mL-1 to 100 µg mL-1, corresponding to an LPS to 

silica mass ratio range of 9.1 ppm to 9,100 ppm.  Addition of nickel proved to be more 

difficult.  A stock solution of 2.08 mg mL-1 Ni(NO3)2·6H2O (or 420 µg mL-1 Ni2+) was 

prepared.  Unfortunately, a starting mixture containing 110 µg mL-1 Ni(NO3)2·6H2O, 11 

mg mL-1 silica, and 1 mg mL-1 FluoSpheres® precipitated.  To avoid precipitate in the 

starting mxiture, Ni(NO3)2·6H2O was reduced 10-fold to 11 µg mL-1 (or 2.2 µg mL-1 Ni2+), 

corresponding to a nickel to silica ratio of 5000 ppm.  LPS to silica and nickel to silica 

mass ratios used in this study are compared to relevant mass ratio ranges in Table 4-5. 
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4.3.7. Fluorescence Microscopy and Image Analysis 

An inverted microscope (Motic, model AE31 Trinocular) equipped with an 

Epi-Fluorescence illuminator (Motic, AE30/31 EPI), filter blocks (Motic, MB-I and MG-I) 

and a mounted camera (Motic, Moticam 3000) were used to capture bright-field images 

and fluorescent emission profiles at 515 nm of co-cultures exposed to particles.  A 10X 

objective lens was used for each image and the area of each image was calibrated to 

0.32 mm2.  Both bright-field and emission images were recorded at three random 

locations 1-2 hours after dose.  

Images recorded via bright-field settings showed cells, whereas emission profiles 

at 515 nm revealed particle locations (due to the inclusion of FluoSpheres®).  To count 

the total number of particles per image and determine particle size distribution, 

fluorescent images recorded at 515 nm emission were run through a script developed 

within a multi-purpose software program (National Instruments, v8.5) by past graduate 

student Neil Draper, PhD.  All images were reviewed manually, and objects counted 

incorrectly by the software were manually removed from the data set.  All data was 

either tabulated and/or plotted via Excel and/or Igor Pro (Wavemetrics). 

4.3.8. Temporal Decrease of Particle Count 

The number of particles to settle onto the cell surface decreased during the 

course of this study.  This trend can be explained by gradual build-up of silica 

nanoparticles at the nebulizer orifice despite the fact the nebulizer was cleaned by very 

carefully scratching the inner (solution) capillary with a thin wire and drawing water 

through the inner and outer (gas) capillaries after each experiment.  This build-up is 

believed to have reduced the size of the orifice, which led to the generation of smaller 

droplets, and subsequently, smaller particles.  The shift to smaller particles reduced the 

amount of particles to deposit on the surface of the medium, affecting the number of 

particles to reach the cell surface.  PSiO2 were delivered first, followed by P(SiO2+LPS) at 

9,100 ppm LPS, 910 ppm LPS, 91 ppm, and finally, 9.1 ppm.  Generally, particle number 

decreased following the aforementioned deposition order.  Figure 4.2 showcases the 
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decreasing particle count for the P(SiO2+LPS).  Additionally, these observations match the 

reduced deposition efficiency, which was measured before and after the study at 3.4% 

and 2.0%, respectively.  Deposition efficiency was estimated through the method of 

external standards and fluorimetry as described in Section 2.3.5. 

 
Figure 4.2: Total number of particles deposited onto human lung cell cultures 

2 h. after the dose of P(SiO2+LPS) at varying LPS to silica mass ratios.  
Deposition order was 0 ppm, 9100 ppm, 910 ppm, 91 ppm, and 
9.1 ppm.  No. of samples (n) = 6 for each sample excluding 10 min. 
exposure for 0 and 9100 ppm in which n = 9. 

4.3.9. IL-6 and IL-8 Quantitation using Enzyme-Linked 
ImmunoSorbant Assay (ELISA) 

Cell supernatants were collected sterile after the 18-hour incubation period, 

stored at 2 ºC, and were analyzed within two weeks of collection.  IL-6 and IL-8 ELISA 

kits (Peprotech, 900-M16 and 900-M18) were used to quantitate their respective 
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concentrations in cell culture supernatants.  The kits were used as per protocols 

provided by the supplier.  Dilution factors of 10X and 100X were applied to all samples 

and controls for IL-6 and IL-8, respectively.  This dilution step was necessary to ensure 

that signal from samples were bracketed within the respective calibration curves.  

Derived values were corrected based on their corresponding dilution factor. 

4.3.10. Statistical Analysis 

Analysis of data for unknowns, e.g., fluorescein, was determined using method of 

external standards and least squares regression analysis.  Fold change, as plotted in 

various figures, was expressed as the signal of sample over signal of control (culture 

without particle exposure).  Data combined in figures were reported as mean ± standard 

deviation, and comparison of independent samples and slopes of regression lines from 

independent samples were analyzed with Student’s t-tests.  Significance was assigned 

to those with a p-value < 0.05. 

4.4. Results and Discussion 

4.4.1. Human Lung Co-culture Response to PSiO2 

By means of the nebulizer-spray chamber apparatus, PSiO2 were delivered onto 

human lung cell co-cultures for 2, 4, 6 and 10 min., and IL-6 and IL-8 content of the cell 

supernatant was measured after 18 h. incubation.  Cytokine fold change was plotted 

against particle-cell ratio, which was binned based on the above exposure times (Figure 

4.3).  Significance could not be determined for samples relative to the control cultures as 

there was no standard deviation from the controls; fold change of the control cultures 

was always equal to 1.  Therefore, the data for particle cell ratio of 0.24 was used for 

comparison as it shared a similar fold-change to the control (0.9 for both IL-6 and IL-8).  

PSiO2 at particle cell ratios of 0.61 and 1.04 were observed to induce differential response 
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relative to particle cell ratios of 0.24 for IL-6, but not IL-8.  As expected, an increase in 

dose resulted in an increase in cellular response, as assessed by IL-6 fold change. 

Surface coverage of silica, a consequence of exposure times (2 to 10 min.), 

ranged from 0.65 µg cm-2 to 3.2 µg cm-2.  For total mass content, i.e. when accounting 

for the mass of PEG and FluoSpheres®, surface coverage ranged from 1.2 µg cm-2 to 

5.9 µg cm-2.  Given that PEG made up the majority of the additional mass and was 

observed to be non-toxic, it was unlikely the extra content had much effect on cellular 

response.  Note: the above surface coverage calculations were based on 3.4% 

deposition efficiency and 55% settling efficiency.   

As demonstrated by other in vitro studies, the dose of SiO2 at these surface 

coverages was near the minimum threshold to affect cellular response.  For example, 

relative lethality for standard micron-sized quartz particles, type DQ12, on epithelial lung 

cell cultures were approximately 2%, 8%, 22%, and 37% for surface coverages of 6.1, 

30.3, 60.6, and 121 µg cm-2, respectively.126  DQ12 particles were also applied to co-

cultures consisting of A549 cells and THP-1* cells and increases in IL-6 and IL-8 

response were observed at 30.3 µg cm-2, the lowest surface coverage for which 

increased response was measured.  Similar results have been observed in various other 

studies.104, 127, 146  Therefore, the concentrations of SiO2 were at the lower threshold of 

stimulating cellular response.  We assumed that this was in the optimal region to 

evaluate a differential response generated by secondary components at relevant 

atmospheric abundances.  Theoretically, an increase in dose would be expected to 

generate an IL-8 response that clearly deviates from the control.  However, the dynamic 

range of the method is limited, quantitatively, to a certain particle dose.  This limitation is 

because as the number of particles deposited increases, the ability to count particles 

becomes more difficult due to particle aggregation.  Furthermore, one of the major goals 

of this in vitro methodology was to be as close to natural exposure as possible. 

In support of this, surface coverages at these amounts were more comparable to 

doses found in actual inhalation exposure.  Brown and co-workers predicted daily mass 

of PM depositing in the alveolar region of 222 µg via oral breathing based on a relatively 
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high exposure concentration of 100 µg m-3.110  The authors also referenced an average 

alveolar surface area of healthy humans of 57.22 m2, corresponding to a calculated 

alveolar surface coverage of 0.39 ng cm-2 day-1.  This number was more than 1,000 

times lower than the lowest dose used in this study, i.e. 0.65 µg cm-2, which was already 

low for an in vitro dose.  However, the authors also determined that a normal human 

under average breathing conditions approaches an alveolar steady state of 10 mg after 

10 years of exposure to 10 µg m-3 insoluble particles.110  These values correspond to a 

calculated 17.5 ng cm-2, a surface coverage that is a factor of approximately 40 times 

lower than the lowest dose used in this study. 
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Figure 4.3: A) IL-6 and B) IL-8 fold change as monitored in human lung cell 
co-culture supernatant after the dose of PSiO2 and 18 h. incubation.  
Particle cell ratio was binned for exposure times of 2, 4, 6, and 10 
min.  No. of samples (n) = 3 for data points at particle cell ratios of 
0.24, 0.33, and 0.61, and n = 9 for particle cell ratio of 1.04. 
Asterisks (*) indicate a statistically significant difference (p < 0.05) 
from the 0.24 particle-cell ratio. 
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4.4.2. Human Lung Co-Culture Response to Soluble LPS and 
Binary Particles Type P(SiO2+LPS) 

During P(SiO2+LPS) experimentation, soluble LPS was also added to human lung 

co-cultures (Figure 4.4).  The co-cultures were responsive to soluble LPS at 

100 pg mL-1, as evidenced by the significant increase in IL-6 and IL-8 expression at LPS 

of 100 pg mL (p-value < 0.05).  The response followed a logarithmic trend that can be 

explained by cell cultures reaching their maximum cytokine output.  This trend continued 

at higher LPS concentrations, but was only measured for a limited number of samples so 

its corresponding data was not included in Figure 4.4.  While the effect was still visible 

with fold change, cytokine concentration had an improved logarithmic fit, and better 

illustrated cellular response approaching its threshold.  However, as fold change 

compensated for varying cellular output for samples across multiple experiments, only 

fold change is plotted hereafter.  Additional control experiments were performed to 

determine if LPS was affected by the highest temperatures of the spray chamber (90 

°C).  Soluble LPS was heated to equilibrate at 90 °C for 1 min. prior to its addition to co-

cultures.  There was no significant change in IL-6 and IL-8 levels relative to soluble LPS 

held at room temperature (data not shown). 

P(SiO2+LPS) were delivered onto human lung cell cultures at LPS to silica mass 

ratios of 9.1 ppm, 91 ppm, 910 ppm, and 9,100 ppm (Figure 4.5).  The effect of P(SiO2+LPS) 

at its lowest LPS concentration, 9.1 ppm, did not significantly deviate from PSiO2 for both 

IL-6 and IL-8.  Recall, an increase in dose of PSiO2 resulted in an increase in IL-6 

expression, but no change was observed for IL-8.  However, an increase in LPS from 

9.1 ppm to 91 ppm resulted in a significant increase in the slope for P(SiO2+LPS) versus 

PSiO2 for both IL-6 and IL-8, and increased again for 910 ppm.  At the highest LPS 

concentration, 9,100 ppm, the expression was no longer dependent on dose, suggesting 

a response threshold had been reached.  In summary, various starting mixture 

concentrations of LPS were delivered in a particle system predominately composed of 

silica and cellular response ranged from no change to the point where it reached a 

maximum.  
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Figure 4.4: A) IL-6 and B) IL-8 levels (large black squares) and fold change 
(transparent smaller squares) as monitored in human lung cell 
co-culture supernatant after the addition of soluble LPS and 18 h. 
incubation.  Logarithmic trend lines represent series pertaining to 
concentration (as opposed to fold change).  No. of samples (n) = 10, 
10, 11, 10, 13, and 11 for 0.1, 0.25, 0.5, 0.75, 1 and 5 ng mL-1 of LPS, 
respectively.  All LPS samples were statistically significant (p < 0.05) 
based on concentration relative to the 0 ng mL-1 LPS control 
cultures (not shown). 
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Figure 4.5: A) IL-6 and B) IL-8 fold change as monitored in human lung cell 
co-culture supernatant after the dose of P(SiO2+LPS) at varying LPS to 
silica mass ratios and 18 h. incubation.  Starting mass 
concentrations of LPS relative to silica are listed as parts per million 
(ppm).  Particle cell ratio was binned for exposure times of 2, 4, 6, 
and 10 min.  No. of samples (n) = 6 for all data points involving 
P(SiO2+LPS) excluding all 91 ppm samples and 9100 ppm at a particle 
cell ratio of 0.95 in which n = 3 and n = 9, respectively.  For P(SiO2, 
n = 3 for data points at particle cell ratios of 0.24, 0.33, and 0.61, and 
n = 9 for particle cell ratio of 1.04.  The slopes generated from the 
91 ppm and 910 ppm P(SiO2+LPS) were statistically significant (p < 0.05) 
relative to the slope of the PSiO2.   
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4.4.3. Reduction in Bioavailability of LPS 

The objective of this study was to determine if binary particle systems delivered 

at atmospherically-relevant mass ratios resulted in an increase or decrease in cellular 

response relative to the response generated by its individual components.  How did the 

response generated by P(SiO2+LPS) relate to PSiO2 and soluble LPS?  The starting mixture 

concentrations of LPS used to generate P(SiO2+LPS) ranged 100 ng mL-1 to 100 µg mL-1  

corresponding to mass concentration estimates of LPS delivered to the cell cultures 

ranging 150 pg mL-1 to 150 ng mL-1 (based on 2.0% deposition efficiency and 10 min. 

exposure).  These values also corresponded to an LPS to silica mass ratio range of 9.1 

ppm to 9,100 ppm.  Theoretically, there was a sufficient amount of LPS from a 10 min. 

dose of P(SiO2+LPS) at the lowest of the aforementioned concentrations, i.e. estimated 150 

pg mL-1, to stimulate differential cellular response (100 pg mL-1 of soluble LPS stimulated 

significant IL-6 and IL-8 expression).  However, differential expression was not observed 

for a 10 min. dose of P(SiO2+LPS) with an LPS to silica mass ratio of 9.1 ppm, an exposure 

time and mass ratio estimated to deliver 150 pg mL-1 LPS.  Moreover, while the 

nebulizer efficiency dropped from 3.4% to 2.0% over the course of experimentation, 

2.0% represents the minimum amount of LPS delivered.  If calculations were made for 

3.4%, the amount of LPS delivered would increase 1.7-fold, resulting in a bigger 

discrepancy between the results and the theoretical response.  In either case, the 

expected response for P(SiO2+LPS) was lower than expected. 

We hypothesized that LPS was physically bound to silica and/or entrapped within 

the agglomeration of silica nanoparticles thereby reducing its bioavailability.  In this 

study, bioavailability was calculated by dividing the amount of LPS available to the cells 

by the estimated amount delivered.  The amount of LPS available to the cells was 

derived through regression analysis using IL-6 and IL-8 expression relative to soluble 

LPS similar to that displayed in Figure 4.4. 

LPS bioavailability was estimated for P(SiO2+LPS) at LPS to silica mass ratios of 

91 ppm and 910 ppm at 10±3% and 1.0±0.6%, respectively.  Those values were 

calculated using 2.0% deposition efficiency as the deposition efficiency of the nebulizer-
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spray chamber apparatus dropped from 3.4% to 2.0% during the course of this study 

and those doses were closer to the end of experimentation.  LPS bioavailability for 

P(SiO2+LPS) at LPS to silica mass ratios of 9.1 ppm and 9,100 ppm could not be measured.  

9.1 ppm did not deviate from the response generated by PSiO2, and 9,100 ppm 

approached the maximum threshold of LPS response, leaving no curve for regression 

analysis.  A summary of bioavailability is provided in Table 4-5.  The discrepancy for the 

calculated bioavailability between the two particle types was possibly due to de-solvation 

of particle, which resulted in a shell of agglomerated SiO2 at the particle surface that 

formed an inner cavity, or reservoir, for LPS, yet, a similar absolute amount of LPS 

remained at the particle surface. 

Table 4-5: Estimated Bioavailability of LPS in P(SiO2+LPS) 

Particle Type Mass Ratio of 
LPS to Silica 

Required Amount 
of Soluble LPS to 

Stimulate 
Differential 
Expression 

Theoretical 
Deposition of LPS 
(Based on 10 min. 

Exposure and 
2.0% Deposition 

Efficiency) 

Estimated LPS 
Bioavailability 

P(SiO2+LPS) 

9.1 ppm 

100 pg ml-1 

0.15 ng ml-1 ND 
91 ppm 1.5 ng ml-1 10±3% 

910 ppm 15 ng ml-1 1.0±0.6% 
9,100 ppm 150 ng ml-1 ND 

ND = not determined 

These findings are in contrast to a previous study involving carbon and LPS 

particles (P(C+LPS)) applied to A549 monocultures via an electrodynamic levitation 

apparatus (EDLT), in which an amplified response was observed.181  So why did P(C+LPS) 

result in increased cellular response, whereas P(SiO2+LPS) resulted in a decrease?   

As previously described, TLR-4 is a key receptor in the LPS induced pathway.  

However, it is found intracellularly in A549 cells.182  Therefore, it was possible that 

carbon acted as a mode of transport for LPS into the cell, which activated intracellular 

TLR-4 and subsequent cellular response.  In this study, macrophages were added to the 

A549 cells.  Macrophages contain surface TLR-4 and response to LPS is of greater 
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magnitude relative to primary type II alveolar epithelial cells, which also contain surface 

TLR-4; albeit, 5-fold less than macrophages.182  Co-cultures containing macrophages 

and A549 cells were sensitive to soluble LPS exposure.  Concentrations as low as 

0.1 ng mL-1 stimulated increased cytokine response, and maximum response was 

observed at ~1 to 5 ng mL-1.  By comparison, 5,000 ng mL-1 LPS had little effect on 

cellular response for A549 cultures alone.  In addition, LPS did not require a mode of 

transport into the cell to stimulate cellular expression for the co-cultures.  In summary, 

these factors may contribute to whether or not amplification or reduction in cell response 

is observed.  Moreover, this example demonstrates why using more physiologically 

relevant cultures is desirable in in vitro studies. 

Another difference between the two studies was the amount of LPS in their 

respective starting mixtures.  LPS content in P(C+LPS) ranged from starting mixture 

concentrations of 100 µg mL-1 to 2 mg mL-1, whereas 100 µg mL-1 was the highest 

concentration used in this study.  However, the number of deposited particles was 

considerably higher when delivered through the nebulizer-spray chamber apparatus.  Up 

to 100 particles were delivered by the ELDT, whereas a 10 min. exposure of P(SiO2+LPS) 

using the nebulizer-spray chamber apparatus deposited more than 500,000 particles 

onto the cell surface (Figure 4.2).   

Another factor that may explain the difference in effect was that silica was used 

instead of elemental carbon as the primary insoluble component.  For example, 

interactions involving LPS and silica reduced the bioavailability of LPS.  To explain 

further, the length of LPS was measured in various E. coli strains with and without the O-

antigen at 17 to 37 nm (mean 26 nm) and 3 to 5 nm (mean 4 nm), respectively.183   The 

LPS used in this study had a molecular weight greater than 500 kDa and contained the 

lengthy hydrophilic O-antigen chain.  Recall, silica nanoparticles used in this study were 

20-30 nm in diameter.  Given their comparable size, it is highly plausible LPS was 

physically restrained between the silica nanoparticles, effectively inhibiting its release 

into the medium and/or cytoplasm.  After all, delivered particles remained intact even 

after 18 h. incubation suggesting the vast majority of silica nanoparticles were not 

removed from the particle.  If this mechanism of restraint were accurate, then a similar 

effect would have occurred with the carbon nanoparticles.  However, there is empirical 
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evidence suggesting carbon only particles (PC) partially broke down within 24 h. 

incubation.100  One can assume similar particle breakdown for P(C+LPS), if not more due to 

the inclusion of a soluble component.  If particle breakdown were to occur after 

internalization, it would cause the release of soluble LPS or, at least, bioavailable LPS 

bound to the surface of carbon nanoparticles within the cell.  Alternatively, P(SiO2+LPS) 

were intact after the incubation step suggesting LPS may have been trapped within the 

P(SiO2+LPS), thereby reducing its bioavailability. 

Intermolecular interactions between LPS and the surface of the silica 

nanoparticles may have also reduced LPS bioavailability.  Adsorption of the O-antigen of 

E. coli to silica surfaces has been measured at a maximum surface coverage of 

35 µg m-2.184  Based on IR measurements, the suggested mechanism behind the surface 

adsorption was described as hydrogen bonding between the hydroxyl rich 

polysaccharide monomers with hydroxyl groups (-OH) or surface bound water on the 

silica surface.  The silica nanoparticles used in this study had a surface area of 

140 m2 g-1.  Given that LPS was assumed dispersed evenly about the silica 

nanoparticles, the surface area (based on mass) remained as 140 m2 g-1.  The starting 

concentration for silica was 11 mg mL-1 and corresponds to a calculated surface area 

(based on volume) of 1.54 m2 mL-1.  Therefore, assuming a maximum surface coverage 

of LPS of 35 µg m-2, there was potentially room for 54 µg of LPS on the surface of the 

silica nanoparticles per mL of starting mixture.  Note this assumption does not consider 

the presence of 1 mg mL-1 FluoSpheres® and 7.85 mg mL-1 PEG, which could negatively 

or positively affect LPS adsorption.  Regardless, the LPS concentrations used here 

ranged between 100 ng mL-1 and 100 µg mL-1.  Therefore, apart from the highest LPS 

dose, the majority of LPS may have been adsorbed onto the silica nanoparticles and 

therefore bio-unavailable. 

4.4.4. Human Lung Co-Culture Response to Soluble Nickel and 
Binary Particles Type P(SiO2+Ni2+) 

Nickel, in the form of Ni(NO3)2·6H2O or Ni2+, was also evaluated as a secondary 

component to silica.  As with LPS, the soluble form of the secondary component, in this 
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case soluble Ni2+, was added to co-cultures at varying concentrations.  The fold change 

of the control cultures was always equal to 1.  Therefore, 4 µg mL-1 Ni2+ was used for 

comparison.  The samples exposed to 20 and 40 µg mL-1 Ni2+ samples had significant 

increases in IL-6 and IL-8 expression relative to 4 µg mL-1 Ni2+ (Figure 4.6).  Statistical 

significance (p < 0.05) was also determined based on concentration (data not shown), 

this time relative to the control cultures, and at doses of 20 µg mL-1 and 40 µg mL-1 Ni2+, 

IL-6 and IL-8 levels increased significantly.  Moreover, these concentrations were ~ 3 

orders of magnitude larger than the 100 pg mL-1 LPS required to stimulate significant 

increased cellular expression, illustrating the potent of LPS. 

P(SiO2+Ni
2+

) were delivered to human lung cell co-cultures.  P(SiO2+Ni
2+

) were 

delivered at a nickel to silica mass ratio of 5000 ppm.  The expression of IL-6 and IL-8 

generated by P(SiO2+Ni
2+

) was not significantly greater than for PSiO2 (Figure 4.7).  Because 

of this result, lower concentrations of Ni2+ were not evaluated.  At higher concentrations, 

Ni(NO3)2·6H2O formed a precipitate within the starting mixture, which clogged the 

0.22 µm filter used to sterilize the starting mixture, and thus precluded the option to 

deliver nickel at higher concentrations. 

Based on a 10 minute exposure of P(SiO2+Ni
2+

) and a 2.0% deposition efficiency, an 

estimated 3.3x10-3 µg mL-1 Ni2+ was delivered to the cell culture medium, which was 

significantly less than 20 µg mL-1, the amount of soluble nickel require to stimulate 

differential IL-6 and IL-8 signal.  Therefore, the lack of change in cellular expression was 

not surprising.  The high range for respirable agricultural soils and ambient PM10 is 5,000 

ppm (Table 4-4).  On the other hand, a volume depth of ~2 mm was required to maintain 

cell viability when dosing via the nebulizer-spray chamber apparatus.  In healthy human 

airways, the airway surface layer depth is 5 to 20 µm,56 and a volume reduction may 

account for the three orders of magnitude difference as it is a soluble compound.  Yet, 

as discussed, the amount of silica used in in vitro studies is much higher than chronic 

daily exposure levels.  A more realistic in vitro dose of silica would reduce nickel as well 

when considering relevant mass ratios. 
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When compared to silica, nickel did not generate differential cellular expression 

at the highest nickel concentration used.  Therefore, it was not possible to estimate 

nickel bioavailability.  Upon literature review, LUDOX® TM-50, the source of silica, was 

reported to form a gel in solutions high in divalent cations.185  Recall, interactions within 

the starting mixtures formed a precipitate.  Therefore, bioavailability of nickel in P(SiO2+Ni
2+

) 

was likely reduced as nickel concentrated upon de-solvation and may have formed a 

precipitate, thereby permitting its release from the particle into the medium/cytoplasm.  

Furthermore, the nickel ion bioavailability model states that nickel carcinogenicity is 

proportional to the degree of nickel ions bioavailable at the nucleus of epithelial 

respiratory cells.186  In summary, nickel bioavailability was not determined, as the co-

cultures used in this study did not show increased IL-6 and IL-8 response from P(SiO2+Ni
2+

) 

relative to PSiO2, yet interactions at higher concentrations in the starting mixture suggest 

nickel bioavailability was reduced in these particles. 
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Figure 4.6: A) IL-6 and B) IL-8 fold change as monitored in human lung cell 
co-culture supernatant after the addition of soluble Ni(NO3)2·6H2O 
and 18 h. incubation.  Number of samples (n) = 5, 13, 15, and 18 for 
4, 10, 20, and 40 µg mL-1 of Ni2+, respectively.  Asterisks (*) indicate a 
statistically significant difference (p < 0.05) from 4 µg mL-1 Ni2+. 
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Figure 4.7: A) IL-6 and B) IL-8 fold change as monitored in human lung cell 
co-culture supernatant after the dose of P(SiO2+Ni

2+
) at varying LPS to 

silica mass ratios and 18 h. incubation.  Starting mass concentration 
of nickel relative to silica is listed in the legend as ppm.  Particle cell 
ratio was binned for exposure times of 2, 4, 6, and 10 min. for PSiO2 
and 6, 10, and 10 min. for P(SiO2+Ni

2+
).  No. of samples (n) = 3 for all 

data points excluding PSiO2 with a particle cell ratio of 1.04 in which 
n = 9.  The slopes generated from 5000 ppm P(SiO2+Ni

2+
) were not 

statistically significant (p < 0.05) relative to the slope of the PSiO2. 
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4.4.5. Additional Components in the Particles and their Influence 
on Bioavailability 

Soil contains a multitude of other components.  However, keeping the number of 

compositions limited to a binary system was a priority to maintain particle simplicity 

during this proof of concept study.  This study was largely conducted to better 

understand possible interactions between select compositions and their resulting 

influence on cellular response.  However, FluoSpheres® and PEG were incorporated into 

the particle systems to determine particle location and assist in wettability, respectively.  

These additives may have had interactions with the primary and secondary components.  

Valence bonds of the amorphous silica nanoparticles are typically bound to hydroxyl 

(-OH) groups.187  The FluoSpheres® used in this study had a high density of carboxylic 

acids (-COOH) on their surface.  Both terminal functional groups exhibit strong 

intermolecular bonding potential through hydrogen bonding and dipole-dipole 

interactions.  Moreover, the starting mixture silica to FluoSpheres® mass ratio was 11, 

and both silica and FluoSpheres® nanoparticles were ~20-30 nm in diameter.  Therefore, 

the FluoSpheres® incorporated into the starting mixture could be viewed as an extension 

of silica.  In fact, the addition of FluoSpheres® to a mixture of LUDOX® TM-50 and 

Ni(NO3)2·6H2O reduced the maximum stable Ni2+ concentration.  To illustrate this 

empirical observation, a starting mixture containing 110 µg mL-1 Ni(NO3)2·6H2O, 11 mg 

mL-1 silica, and 1 mg mL-1 FluoSpheres® precipitated.  Conversely, removal of 

FluoSpheres® from the starting mixture did not result in precipitate.  However, a starting 

mixture containing double the nickel salt (220 µg mL-1 Ni(NO3)2·6H2O) and 11 mg mL-1 

silica also precipitated. 

The mass ratio between silica and PEG of the starting mixture was 1.4.  Silica 

content in ambient PM10 is roughly 5% (see Table 4-1).  The inclusion of PEG could be 

viewed as particle filler, and a representative of [non-toxic] organic matter, another major 

group found in the atmosphere and a major component of agricultural soils.  Moreover, 

fulvic acid, a key component of soil, was used as a potential replacement for PEG, but it 

did not achieve the superior settling efficiency that was routinely observed with PEG 

(data not shown).  Dipole-dipole interactions likely occurred between PEG and all of the 

other components in the starting mixture, i.e. silica, LPS, and FluoSpheres®.  These 
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interactions could have negative or positive effects on LPS adsorption.  For example, 

PEG could bind to nanoparticle surfaces liberating the secondary component or increase 

the extent of intermolecular interactions for the secondary component, respectively.  The 

latter scenario would reduce the bioavailability of a secondary component. 

4.5. Conclusions 

The underlying goal of this study was to determine if the toxicity of multi-

compositional particles were affected by compositional interactions.  Binary particles 

consisting of silica plus LPS observed less than expected cellular response.  The 

observed reduction in cellular response begs the question: ‘Does silica sequester 

endotoxins, thereby reducing their bioavailability?’.  It may.  Particle clearance has been 

routinely measured on the order of hundreds of days for the alveolar.64  Thus, if silica 

can reduce endotoxin release by the time particles are removed, endotoxin would be 

effectively inhibited by silica.  On the other hand, dissolution of amorphous silica, the 

silica used in this study, happens on a similar timeframe, which is considerably longer 

than the time used in the present study (18 h.).5  This dissolution could result in the 

release of potent endotoxin within the cell, resulting in a high internal localized 

concentration, subsequently inducing amplified cellular response parallel to the 

mechanism suggested in the P(C+LPS) study.181  Therefore, amorphous silica may be 

indirectly more toxic than crystalline silica in a binary system with LPS.  Finally, toxicity 

may not necessarily be directly proportional to cellular response; endotoxin inhalation 

exposure has been linked to decreases in lung cancer, atopic asthma and allergic 

sensitization.147, 151 
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Chapter 5.  
 
Summary and Future Directions 

5.1. Summary 

The purpose of this thesis was to develop and use a dose-response apparatus 

and methodology to study the effects of multi-compositional particles on human lung cell 

cultures.  Therefore, a great deal of time and effort was focused on its development.  

The result was the nebulizer-spray chamber apparatus, which allowed rapid, direct 

delivery of hundreds of thousands of particles to a single cell culture.  Additional 

highlights from development include an upgrade from monocultures to co-cultures to 

enhance cellular response, an elevated spray chamber temperature to maintain particle 

intactness, and the incorporation of specific starting mixture compositions, specifically 

polyethylene glycol and FluoSpheres®, to increase particle-cell contact and to visualize 

the particles with minimal background signal, respectively.  The reduction in background 

signal facilitated the development of a particle-counting technique, which was used to 

more accurately represent particle dose. 

Using the nebulizer-spray chamber apparatus, the effects of silica particles on 

human lung cell cultures were tested first.  Silica, a component of crustal matter, was 

selected as silica inhalation exposure is strongly associated with adverse health effects.  

The silica particles stimulated significant cytokine response for interleukin (IL)-6 (but not 

for IL-8) when delivered onto human lung cell co-cultures at a maximum surface 

coverage of 3.2 µg cm-2.  Application of heterogeneous particles of designed 

composition was first conducted in a proof of concept study using binary particles 
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containing silica plus cytokine tumor necrosis factor-α (TNF-α).  In this study, it was 

assumed that the increase in response relative to the silica particles was generated from 

the soluble component TNF-α leaching out of the particle and into the medium.  

Lipopolysaccharide (LPS), a biological compound, was delivered as a particle 

with primary component silica at a range of atmospherically-relevant mass ratios, as 

determined through various sampling studies.  When exposed to human lung cell co-

cultures these silica plus LPS particles generated strong IL-6 and IL-8 responses.  The 

ability of LPS to stimulate cytokine response was, at least, equivalent to silica, even 

though silica is roughly 25,000 times more abundant in ambient air.  Despite this 

observation, cellular response from silica plus LPS particles was lower than expected as 

determined from the response generated from soluble LPS doses.  It was suggested that 

compositional interactions between LPS and silica reduced the bioavailability of LPS. 

The metal nickel was also delivered to cells by incorporating it in the form of 

Ni(NO3)2·6H2O or Ni2+ into silica particles at an atmospherically-relevant mass ratio of 

5000 ppm. This particle type did not generate increased cytokine response relative to 

silica particles when exposed to human lung cell co-cultures.  The highest dose of Ni2+ 

when delivered inside/on a particle was estimated as 3.3x10-3 µg mL-1.  Soluble Ni2+ 

alone did not stimulate differential response until a dose of 40 µg mL-1.  Therefore, it was 

not surprising to witness a lack of increase in cytokine expression from co-cultures when 

exposed to nickel and silica particles.  Ni(NO3)2·6H2O was observed to precipitate within 

the starting mixture when the concentration was higher than the one used, i.e. 

110 µg mL-1 instead of 11 µg mL-1.  Presumably, the lower concentration also 

precipitated with silica during the de-solvation step, and, similarly to LPS, interactions 

between nickel and silica likely reduced nickel bioavailability. 
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5.2. Future Directions 

5.2.1. Recommended Method Modification: Decrease in Medium 
Volume and Depth 

Prior to commencing additional dose-response studies using the nebulizer-spray 

chamber apparatus with particles consisting of soluble material, it may be worthwhile to 

improve upon the methodology by minimizing the amount of medium required to keep 

the cells viable.  To explain, the starting mixtures of the aforementioned particle types 

consisted of an insoluble primary colloid, i.e. silica, as well as a soluble secondary 

component, i.e. LPS or nickel.  Delivered particles were aggregates of insoluble and 

soluble material as a result.  A common way to report the units of dose for insoluble 

components is surface coverage (µg cm-2).  However, when dosing via nebulization, only 

a small percentage of particles were determined to deposit onto the air-liquid interface of 

the culture, and even less were observed to settle onto the cell surface.  Therefore, to 

more accurately express surface coverage and to determine the number of particles in 

contact with the cells, a particle-counting technique was developed using fluorescent 

imaging and software analysis. 

Concentration (µg mL-1) is better suited to describe the dose for soluble 

components.  The depth of the airway surface liquid in a healthy human lung, i.e. 5 to 20 

µm, was much less than the depth of the medium used in these experiments, i.e. 

2000 µm.  Therefore, it is recommended to reduce the volume/depth of the medium that 

is used to bathe the cell cultures.  A 100-fold adjustment to the amount of nickel content 

when delivered as a particle, i.e. from 3.3x10-3 µg mL-1 to 0.33 µg mL-1, brings the dose 

closer to the amount of soluble nickel required to stimulate significant IL-6 and IL-8 

response, i.e. 40 µg mL-1.  Moreover, this observation emphasizes how potent 

lipopolysaccharide was, as the incorporation of LPS into silica particles at relevant mass 

ratios increased cytokine expression without any volume correction.  In summary, if 

future changes are to be made on the developed method, decreasing volume and 

volume depth are recommended.  Doing so would subject soluble components to lower 

dilution factors and achieve more physiologically relevant lung cell cultures.   
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However, this recommendation comes with a warning.  Reducing volume 

properties may be exceedingly difficult to attain without sacrificing cell viability and/or 

particle count.  In fact, a great deal of effort was spent trying to achieve minimal medium 

depth while also maintaining viable cell cultures prior to and upon the use of the 

nebulizer-spray chamber apparatus.  The nebulizer approach required greater volume 

depths due to the nebulant gas flow pushing the medium to the outside of the well, which 

simultaneously dried out the cells in the center of the culture at volume depths as high 

as 1 mm.  This effect was also observed on air-liquid interface inserts, which are 

specialized to attain minimal apical medium.  Nevertheless, a reduction in volume may 

be worth investigating as it would concentrate soluble components, enabling potentially 

improved mimicry of in vivo exposures and assessment of their effect on cell cultures in 

multi-compositional particle systems. 

5.2.2. Selection of Future Multi-Compositional Particle Types 

Now that a reproducible dose-response apparatus and methodology has been 

developed and applied to relevant particle types, experimentation involving other species 

is positioned to commence.  The question is: ‘Which particle types should be selected for 

future studies?’ 

Thus far, representatives from major constituents of ambient PM were selected 

and used in designed multi-compositional particles.  Silica, LPS, and nickel were 

selected to represent crustal matter, biological material, and metals, respectively.  Using 

the developed method, silica was observed to be a reliable primary component.  Due to 

its familiarity, it is recommended that silica continue to be used as the primary 

component and to explore other secondary components from other major constituents.  

Other important aerosol species include marine salts, organic carbon, elemental carbon, 

particle bound water, nitrate, sulphate, and ammonium.  What’s more, many of these 

groups contain numerous different compositions, so the number of possible binary 

particle types is extensive. 
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A goal of this study was to deliver particles at relevant conditions, which include 

using compositions that may co-exist on a single particle type and it is important to 

maintain when expanding to other particle types.  In this study, silica plus LPS as well as 

silica plus nickel, were selected as binary particle types as they all share an emission 

source in respirable agricultural soils.  Pursuing another major component of soil may 

provide a good starting point for future work. 

5.2.3. Humic and Humic-like Substances in Soil and PM 

Natural organic compounds of soil are commonly categorized into live organisms 

(edaphon) and their completely decomposed remains and transformation products (soil 

organic matter).  Therefore, soil organic matter is defined as the non-living organic 

fraction.  It consists of humic (or non-identifiable) substances and non-humic (or 

identifiable) substances.  Examples of non-humic substances include polysaccharides, 

proteins, sugars, amino acids, lipids, and carbohydrates.  As an aside, bioaerosols are 

airborne particles that contain living organisms, or compounds that have been released 

from living organisms.12  Therefore, the lipopolysaccharide used in this thesis was 

classified as biological material rather than (non-humic) organic matter.  

Humic substances are categorized into three main fractions: humic acid, fulvic 

acid, and humin.  They are characterized based on their solubility in water; fulvic acids 

are soluble at any pH, while humic acid is insoluble at pH < 2 and humins are insoluble 

at any pH.188  To improve the solubility of humic acids, they are treated with alkaline 

agents to form salts, and are called humates.  Molecular weights of humic molecules 

range from a few hundred Da in low molecular weight fulvic acids to humins that are > 

300,000 Da.189-190  Fulvic acids are light yellow/yellow brown, humic acids are dark 

brown/grey black, and humins and black.189 

Humic substances may be an interesting compound to incorporate into 

multi-compositional particles; fulvic and humic acids are known to have a strong binding 

affinity to trace metals.188  Such interactions may decrease the bioavailability of metal in 

a metal-humic substance particle system and result in reduced cellular response.  In an 



 

137 

in vivo study, Gao and co-workers associated adsorption of an aquatic humic acid on 

silver nanoparticles with decreased toxicity when exposed to Daphnia, small planktonic 

crustaceans, and attributed the observation to increased nanoparticle aggregation from 

the presence of humic acid.191  Conversely, Laurentian Fulvic Acid has been measured 

at low binding activities with pesticides atrazine and lindane.192  Nevertheless, exploring 

harmful pesticides may provide as a good complementary composition to humic 

substances in a multi-compositional particle type. 

Humic substances have also shown pro- and anti-inflammatory properties when 

dosed onto human cell cultures.  Potassium humate was reported to have reduced 

secretion levels for several cytokines including TNF-α, IL-6, and IL-8 in stimulated 

mononuclear lymphocytes.193  In another study, humic acid inhibited the expression of 

three adhesion molecules including intercellular adhesion molecule-1 and the activation 

of nuclear factor-κB in LPS-induced umbilical vein endothelial cells.  Junek and co-

workers witnessed a bimodal effect of humic acid on LPS-induced differentiated 

macrophages; low and high concentrations of humic acid enhanced and reduced TNF-α 

release, respectively.194  Therefore, it is important to understand that both compositional 

and biological-related mechanisms may affect cellular response when dosing with 

particles that contain humic substances. 

The levels of humic substances in ambient air are ill-defined, as there are also 

humic-like substances, which, as the name describes, have certain resemblances to 

humic substances, but are not necessarily derived from microbial decay in soils.  

Humic-like substances predominately originate from biomass burning and secondary 

atmospheric reactions involving aromatic precursors and oxidation products from soot 

and ozone.12, 195  They are highly abundant in the atmosphere, more so than the 

secondary components used in this thesis, and are comparable to silica.  Humic-like 

substances were measured in aerosol samples obtained from downtown Budapest, 

Hungary at 6% mass content in fine PM, and accounted for 20% of total organic 

carbon.195  Its high mass content in PM would allow a higher dose when using relevant 

mass ratios with a primary component, and a higher dose usually translates to increased 

cellular response. 
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Humic-like substances have several differences from humic substances.  

Generally, they are lower in average molecular weight and aromatic moiety content, but 

they have greater surface activity at the liquid-vapour interface.196  Molecular weights of 

humic-like substances were estimated in fine atmospheric aerosols at approximately 

200-350 Da.197  Essentially, they share common properties with low molecular weight 

fulvic acids.  Therefore, out of all the humic substances, fulvic acids would best 

represent humic-like substances if humic-like substances are difficult to obtain. 

Humic substances and humic-like substances may provide to be an interesting 

composition for multi-compositional particle types.  They have shown pro- and 

anti-inflammatory effects in in vitro studies and are known to have a strong binding 

affinity with metals.  Combined, they show great versatility with regards to PM 

speciation.  Humic substances are present in soils, originating from a particle source 

also comprised of crustal matter, whereas humic-like substances arise from combustion 

products.  Upon brief literature review, fulvic acids bear the closest resemblance to 

humic-like substances.  They would be a logical composition to use in respirable soil 

particles as well as provide as a familiar composition if transitioning the primary 

component from silica to another such as elemental carbon.  Finally, humic substances 

and its three main sub-classes are complex heterogeneous mixtures of organic 

materials.  If they are used as a particle composition, they should be treated as an entity, 

rather than a single compound as was silica, nickel, and to a certain extent, LPS, used in 

this study. 

5.2.4. Ammonium Nitrate and Sulphates in PM 

To expand readout to other particle compositions, inorganic salts ammonium 

nitrate and ammonium sulphates are viable alternatives.  These compounds are 

secondary components formed from atmospheric reactions involving gas phase 

precursors; ammonia reacts with nitric acid and sulphuric acid react to form ammonium 

nitrate and ammonium sulphates, respectively.  They are of high mass content in PM; 

ammonium nitrate and ammonium sulphates were measured biannually in PM2.5 at 

urban and rural community sites across Canada from 2003-2008 at approximately 1% to 
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28% and 14% to 58% mass content ranges, respectively.19  In that study, the authors’ 

assumed ammonium as the counter ion for nitrate and sulphate, while acknowledging 

that summertime aerosols in the Eastern sites are predominately acidic.   

In highly populated urban environments, nitrate and sulphate presence on 

airborne particles is ubiquitous.   In single particle analysis scans of a dozen particle 

types from Mexico City aerosols, nitrate signal was found in 11 of the 12 particle types.  

Particle types included super-micron Ca dust, AlSi dust, and NaK particles, as well as 

sub-micron NaClZnPb particles, and all carbonaceous particles excluding elemental 

carbon particles.28  Sulphate signal, commonly co-detected with ammonium, was 

observable in all carbonaceous particles including elemental carbon particles.  

In this thesis, nitrate was used as the counter ion for nickel.  However, nickel was 

used at relevant mass ratios with silica.  Since nickel content in ambient air is much less 

than nitrate, a relevant amount of nitrate was not applied.  It is recommended to 

introduce nitrate and sulphates with counter ion ammonium due to their strong 

relationship and high abundance in the atmosphere.  In summary, ammonium sulphates 

and ammonium nitrate are routinely found in a multitude of multi-compositional particles 

and their high abundance in PM make these inorganic ions suitable choices for future 

compositions in heterogeneous particle types. 

5.3. Concluding Remarks 

A dose-response apparatus and methodology was developed that is capable of 

delivering controlled multi-compositional particles onto human lung cell cultures.  It was 

applied to binary particle types using key species found in ambient PM.  The intent of the 

research was realized: insight on compositional interactions affecting cellular response 

was learned.  Suggested particle types for future work involving the dose-response 

apparatus were described in the preceding paragraphs.   
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Significant time and effort went into developing this dose-response methodology.  

In this final thought, it is the hope of the author that this methodology is used in future 

work, and more importantly, the search to better understand particle toxicity continues, 

and that new research will lead to reduced negative impacts on human health 

associated with inhalation exposure to particulate matter. 
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Appendix 
 
The Electro-Dynamic Levitation Trap and Methodology 

General Procedure of the Electro-Dynamic Levitation Trap Method 

Briefly, a starting mixture containing select compositions, either as a solution 

and/or suspended nanoparticles, is applied to a micro-droplet dispenser.  The micro-

droplet dispenser generates droplets that contain the starting mixture material, and a 

small population of droplets (~50) are captured and levitated by an electro-dynamic 

levitation trap (EDLT).  The droplets are levitated for a set period, e.g., 1 min., to remove 

solvent, resulting in particle aggregates containing compositions from the starting 

mixture.  Particles are extracted onto human lung cell cultures, and transported for 

incubation.  The procedure is highly quantitative as particles can be generated at 

predetermined sizes, numbers, and known compositions.  A visual overview of the 

levitation and extraction processes is depicted in Figure A.1. 

 

Figure A.1:   A) Levitation of a population of particles, B) extraction of particles 
onto a human lung cell culture, and C) removal of the cell culture for 
incubation.  Source: Reprinted (adapted) with permission from 
(Haddrell, A. E.; Ishii, H.; van Eeden, S. F.; Agnes, G. R., Apparatus 
for Preparing Mimics of Suspended Particles in the Troposphere and 
Their Controlled Deposition onto Individual Lung Cells in Culture 
with Measurement of Downstream Biological Response. Anal. Chem. 
2005, 77, 3623-3628.). Copyright (2005) American Chemical 
Society.100 
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Following incubation, cells and supernatant are subject to several 

characterization techniques with emphasis on monitoring pro-inflammatory mediators 

including enzyme-linked immunosorbant assay (ELISA) to measure cytokines IL-6 and 

IL-8, immunocytochemistry, to quantify membrane bound protein intercellular adhesion 

molecule-1 (ICAM-1), and mass spectrometry, which was originally used to provide a 

scan of other potential mediators, but upon peak identification, was later used to monitor 

the abundance of chemokine CXCL5 in relation to ubiquitin.198  The combination of the 

aforementioned characterization techniques provide quantitative information on the 

relative responses generated by cell cultures exposed to designed multi-compositional 

PM10 mimics. 

Previous Studies Using the EDLT Method 

The EDLT dose-response methodology was originally developed by Allen 

Haddrell.  In his studies human lung carcinoma alveolar epithelial cells (A549 cells)  

were exposed to highly potent negative bacteria surface membrane component 

lipopolysaccharide (LPS) in its soluble form with or without particles generated by the 

EDLT introduced as either carbon particles (PC) or carbon + LPS particles (P(C+LPS)).181  

The P(C+LPS) were observed to generate a synergistic response, as the response of the 

binary particle was not a summation response, but a significantly amplified response.  

The proposed explanation for the phenomenon was that A549 cells do not have Toll-like 

receptor-4 (TLR-4) on its surface to recognize LPS in its soluble form, but do contain 

internal TLR-4.  When LPS was delivered as P(C+LPS), the potent LPS had a mode of 

transport into the cells by endocytosis.  Within these cells, it was observed that the 

particles did not remain as a single entity.  Haddrell suggested that the subsequent 

release of LPS was recognized by internal TLR-4, resulting in the significant up-

regulation of mediators.199   

In subsequent studies performed by Michael Eleghasim, particles were designed 

using various inorganic compounds based on concentrations from characterized urban 

PM from outdoor air (EHC-93).101, 200  Particles dosed by Eleghasim were designed at 

2.6, 3.8, and 6.8 µm in diameter and contained several inorganic compounds using 

carbon as a primary component.  The concentrations of the components in the starting 
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mixture were kept at identical ratios for the varied particle sizes and it was found that a 

smaller particle diameter corresponded to a higher ICAM-1 response.  He removed 

components one by one and measured the corresponding cellular response.  The 

response decreased upon the removal of each inorganic compound, and of those 

measured, e.g., Pb2+, Al3+, Fe3+, and Zn2+, Pb2+ caused the greatest differential 

expression of ICAM-1.  Several particles of binary compositions were also measured, i.e. 

carbon + lead particles (P(C+Pb
2+

)), with respect to the level of differential ICAM-1 

expression relative to PC.  Among other binary particle types dosed, even carbon + 

sodium chloride particles (P(C+NaCl)) stimulated differential ICAM-1 expression.  It was 

hypothesized that the carbon acted as a mode of delivery for the NaCl, resulting in 

internalization and a localized NaCl concentration within the cell.  The aforementioned 

results all demonstrated the capability of dosing controlled particle mimics, namely 

particle type, size, and concentration, onto lung cell cultures, while the ensuing cellular 

expression showcased the potential of dosing controlled multi-compositional particles. 

Teresita Marianna Cruz Sanchez continued to evaluate binary particles using the 

EDLT strategy with carbon as its primary component.201-202  Her studies focused on the 

use of the respiratory syncytial virus (RSV), a biological compound, as a secondary 

component in a carbon particle.  While some of Cruz Sanchez’s cultures were grown on 

a coverslip, others were grown on air-to-liquid interface (ALI) inserts.  The addition of 

RSV resulted in significant differential expression relative to Pc alone.  In these 

experiments, the concentrations of pro-inflammatory mediators IL-6 and IL-8 were 

measured.  Interestingly, the carbon + RSV particles (P(C+RSV)) were stable in solution 

and contained infectious RSV for up to 6 months.  These findings reiterated how 

interactions between multi-compositional particles affect cellular response and offered 

insight into the response generated from exposure to PM10 mimics containing biological 

compounds.  Note: the aforementioned ALI inserts were briefly adopted in this study and 

are further explained in the Incorporation of Air-Liquid Interface (ALI) Inserts section. 

Unfortunately, reproducibility of these studies has been a major issue with the 

inherited method.  Achieving the fine balance of having enough medium to keep the cells 

viable, yet at a minimal amount to achieve particle-cell contact after deposition and 

during the incubation period has been the largest issue.  As explained by Haddrell in the 
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original method, cell cultures grown on a cover-slip were drained of all but 15.9±2.5 µL of 

the growth medium that bathed the culture.199  The volume used correlated to a 

calculated medium depth of 49±8 µm, which was suggested as larger than the 5 µm to 

20 µm typical airway surface liquid depth of a healthy human, but shared a similar value 

to individuals suffering from cystic fibrosis (50 µm).  Alice Kardjaputri and Xinzhou (Siry) 

Hu experienced significant issues maintaining cell viability using the aforementioned 

volume depth.   

In Kardjaputri’s experiments, incubation times were limited to less than 6 hours 

as culture-wide cell death was observed following 18 h. incubation.203  Essentially, the 

medium bathing the cells evaporated and resulted in dry, non-viable cell cultures.  

Despite having to reduce the incubation period significantly, Kardjaputri was able to 

observe differential expression of chemokine CCL 24 after 30 min. incubation upon the 

dosage of carbon + dodecan-al particles (P(C+nC11-CHO)).  This was achieved by scanning 

for mediators in the cell supernatant via matrix assisted laser/desorption ionization-mass 

spectrometry (MALDI-MS) prior to measuring the corresponding concentrations of 

identified mediators using ELISA.  However, the efficiency of selected mediators was 

reduced as a result of only being able to operate with this method in less than 6 hours. 

ICAM-1 expression, for example, was previously measured at its maximum at 24 h. 

incubation.  

In addition to her work involving coarse fraction P(C+nC11-CHO), Kardjaputri 

endeavoured to create and use PM2.5 mimics.  However, when dosing with PM2.5 mimics 

the particles did not come into contact with the cells as they remained on the surface of 

the cell culture medium, and cellular response was non-differentiable relative to control 

cultures.  Therefore, Kardjaputri attempted various method adaptations in an effort to 

achieve particle wetting, and adherence to cells, whilst maintaining cell viability.  A 

common trend is noticed in her observations.  Either the particles adhered to the cells 

and the cells were non-viable, or the cells were viable, but particle-cell contact was not 

observed.  Fortunately, she discovered that centrifugation of cell cultures previously 

dosed with PM2.5 mimics drove a percentage of the particles through the medium and 

onto the cell surface (> 50 %).  By combining centrifugation with addition of extra 

medium (~16 µl to 50 µl), both particle adherence and cell viability were reported.   
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Furthermore, Kardjaputri switched to centre-well plates in an attempt to prevent 

the cells from drying out further and to reduce the area of the cell culture.  After all, 

finding a small population of particles on a relatively large cell culture is a cumbersome 

experience.  Centre-well plates are a cell culture with a moat around the outside that 

contains water, which serves the purpose of maintaining a high level of humidity to 

reduce evaporation of the medium and subsequent cell death.  Using this modified 

method, she was able to successfully dose fine fraction P(C+LPS) on cell cultures grown in 

centre-well plates and observe differential ICAM-1 expression.  She continued to dose 

with fine fraction binary particles by replacing LPS with various nitrates, including 

Zn(NO3)2, Ni(NO3)2, and NH4(NO3)2, as well as NaCl, and all of these particle types were 

reported to stimulate differential ICAM-1 expression.  In these experiments, she 

incorporated polyethylene glycol (PEG) to assist in the adherence of particles onto the 

cell surface.  However, soluble PEG was reported not to induce differential ICAM-1 

expression. 

 Hu reported similar viability issues as Kardjaputri.204  However, she witnessed 

cell death using the original method within 30 min. of incubation.  She originally switched 

from coverslips to 6-well plates and bathed the cells in 200 µl medium to keep the cells 

viable.  However, to keep the group’s method consistent, she also incorporated 

centre-well plates.  Modifications to improve cell viability were not the only procedural 

changes made to the method.  In fact, a large part of Hu’s research was dedicated to 

improving the method to improve reproducibility and make it more user-friendly.  Chapter 

three of her thesis is an account of various changes made to the methodology. 

Hu focused on two areas in her dose-response studies using: select sulphates as 

particle compositions, both with and without primary component carbon, and the 

adjuvant potential of multi-compositional particles.  Three sulphates were chosen: 

H2SO4, (NH4)2SO4, and Na2SO4.  All three sulphate particle types, with and without 

carbon, induced differential expression of ICAM-1 and CXCL5, and in both cases, H2SO4 

affected the greatest cellular expression.  She suggested that the carbon and sulphate 

particles may have increased the ICAM-1 signal relative to the corresponding sulphate-

only particles.  Additionally, she used glycerol to act as a filler to mimic the total mass 
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ratio of sulphates in PM10 more accurately.  In agreement with Eleghasim, Hu indicated 

that glycerol alone did not to induce differential expression.   

Hu used Al(OH)3, a commonly used adjuvant in vaccines, in addition to carbon 

and LPS to test the adjuvant potential of Al(OH)3 when delivered as a particle 

P(C+LPS+Al(OH)3).  An adjuvant is defined as a substance added to a vaccine to amplify the 

immune response so that less vaccine is required.  Contrary to her hypothesis, the 

P(C+LPS+Al(OH)3) had a slightly higher ICAM-1 response relative to the P(C+LPS).  In fact, she 

observed carbon + LPS + Ni(NO3)2 particles (P(C+LPS+Ni(NO3)2)) and even carbon + LPS + 

NaCl particles (P(C+LPS+NaCl) to stimulate ICAM-1 expression greater than the 

P(C+LPS+Al(OH)3).  One suggestion was that Al(OH)3 decreased the toxicity of LPS and was 

supported by several references.  Despite not witnessing a strong indication of an 

adjuvant effect, the study was a good application with regards to measuring the effect of 

controlled multi-compositional particle types on human lung cell cultures. 

In summary, previous research using the EDLT method focused on the dosage 

of simple, multi-compositional particle types onto A549 cells.  Elemental carbon was 

used as the primary component, whereas sulphate and nitrate salts of nickel, lead, 

sodium, and ammonium, and biological material such as LPS and RSV all acted as 

secondary components.  The aforementioned particle types were observed to stimulate 

differential expression of various pro-inflammatory mediators including ICAM-1, IL-6, and 

IL-8 in A549 cell cultures.  However, the methodology has had a history of significant 

challenges with respect to reproducibility, despite significant efforts to remedy this 

situation.  It is in this perspective to keep in mind when reading the following sections. 

EDLT Method – Results from My Experiments 

Variable Evaporation of Cell Culture Medium 

In this study, it was observed that the amount of medium bathing the cells after 

incubation was variable despite having equal volumes prior to incubation.  For instance, 

most of the time a culture containing 250 µl medium was moist after 18 h. incubation.  
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However, there were some cultures that witnessed complete evaporation of the medium 

resulting in non-viable cells despite being grown in centre-well plates.  Samples with less 

volume, i.e. 60 µl medium, resulted in more frequent cell death.  These observations 

were likely due to the fact that the incubator and/or centre-well plates were not 

maintaining 100% humidity.   

It begs the question: ‘If a centre-well plate containing 250 µl of medium 

occasionally dried out completely, then how could a culture grown on a coverslip 

containing ~16 µl survive?’  In fact, both Hu and Kardjaputri observed non-viable 

cultures after overnight incubation when using coverslips.  This observation led to the 

incorporation of centre-well plates by Kardjaputri.  She used 50 µl of medium and 

witnessed viable cells.  Hu added an additional 190 µl after deposition to increase this 

volume to 250 µl.  Although it is uncertain as to why Hu made this increase, it is 

speculated that the increase in volume was likely to better maintain cell viability.  In this 

study, even 250 µl was not always a sufficient amount of medium to keep the cells 

viable. 

There are several possibilities that may have contributed to centre-well plate 

dryness for this study.  Perhaps the incubator was not operating as well as it once did or 

its usage became more frequent.  Each time the door of the incubator is opened, the 

internal humidity of the incubator decreases resulting in medium evaporation.  In 

addition, the incubator was shared equipment, which may have contributed to the 

observed sporadic occurrence.  One might think a simple solution could be an increase 

in the amount of medium bathing the cells.  However, maintaining a minimized volume 

was a necessity and the reason why as described below. 

Balance between Viability and Particle-Cell Contact 

The problem of cell viability and particle-cell contact are bound together as they 

are conflicting factors that prevent successful experimentation.  If there was too much 

medium bathing the cells, the particles did not come into contact with the cells as they 

rested on the surface of the medium upon deposition; and if there was not enough 

medium, the cells dried out and became non-viable.  As mentioned, centre-well plates 
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replaced cultures grown on coverslips due to substantial medium evaporation during the 

incubation period.  With the presence of the water-filled moat, centre-well plates 

theoretically maintain a consistently higher level of humidity that serve to reduce 

evaporation of medium.  However, it was observed that even through the use of centre-

well plates, the cells would occasionally dry out after incubation and become non-viable.   

Increasing the amount of medium to bathe the cells did help reduce this problem, 

but in doing so, a new setback arose.  It was found that as medium volume increases, 

particle-cell contact decreases.  Medium bathing the cells acted as a barrier as the 

particles floated on the liquid-air interface.  Experiments in which the cells remained 

viable and there was particle-cell contact was often observed to be an exception rather 

than the norm.  Obtaining reproducible results remained low, as this was coupled with 

the fact there was daily variability in the amount of medium required to keep the cells 

viable. 

Increasing medium volume and subjecting previously dosed cultures to 

centrifugation appeared to be a viable option.  Kardjaputri applied centrifugation on 

cultures dosed with PM2.5 mimics to improve particle-cell contact.  She determined 

> 50% of delivered particles would reach the cell surface after centrifugation.  

Centrifugation was explored and supported Kardjaputri’s findings where a percentage of 

the particles reached the cell surface.  However, it was observed that only a very small 

percentage (< 10%) of the particles would sink and come into contact with the cells after 

centrifugation.  Instead of breaking the surface tension of the medium and settling 

towards the cell culture, the majority of particles remained on top of the culture’s 

supernatant and often dispersed to the edge of the wells.  It was likely the estimated 

five-fold reduction of solid content in the starting mixture in relation to the amount used 

by Kardjaputri resulted in the decrease in settling efficiency (discussed in Micro-Droplet 

Dispenser Difficulties).  Regardless, centrifugation of dose cell cultures did not obtain 

sufficient particle-cell contact.  The difficulties associated with the trade-off for cell 

viability versus particle-cell contact eventually led to the use of air-liquid interface (ALI) 

inserts. 
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Incorporation of Air-Liquid Interface (ALI) Inserts 

ALI inserts are permeable cell culture support surfaces that sit in compatible well 

plates (Figure A.2).  They come in a variety of diameters to define the different 

numbered well plates, e.g., 6-well, 12-well, etc., with varying pore sizes and pore 

densities.  The primary role of ALI inserts is to differentiate airway epithelial cells into 

more physiologically relevant airway epithelial cells, i.e. with mucociliary characteristics. 

Cells are originally seeded on the permeable membrane, and bathed from both apical 

and basal sides.  Once cultures reach confluence, the apical medium is removed, 

resulting in cells with conditions similar to real human lung cells; recall, typical airway 

surface liquid depth of a healthy human is 5 µm to 20 µm.  These conditions promote 

differentiation into cells containing cilia and mucus.  Cells are kept viable during the 

differentiation process through slow medium transport from the basolateral side due to a 

higher level of medium connected to the basal side of the air-liquid interface and 

resultant hydrostatic pressure.   

While ALI inserts are generally used to promote more physiologically relevant 

airway cell cultures, ALI inserts were primarily introduced in this study as an attempt to 

rid the issues surrounding cell viability and particle-cell contact.  The idea was to grow 

the cells on the membrane, bathing from both the basal and apical surfaces.  When 

confluent and ready for particle deposition, the apical medium was removed.  In theory, 

the removal of apical medium would allow direct particle-cell contact upon deposition, 

and the slow transport of medium through the membrane from the basal side would keep 

the cells viable. 
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Figure A.2: A549 cell culture grown to confluence on a 0.4 um, transparent 
polyethylene terephthalate membrane, ALI insert resting in a six-well 
plate well.  A thin layer of apical medium bathes the cells, while the 
basal side provides continuous medium support. 

During preliminary testing involving the ALI inserts, it was determined that if 

permeation of medium through the membrane did not occur, the cells would dry out.  It 

was also observed that permeation was largely dependent on the hydrostatic pressure of 

the medium on the basal side of the insert.  For starters, ~1 mL of medium was required 

for the medium to come into contact with the basolateral surface of the insert.  However, 

it was determined that 4 mL was a volume high enough to allow the transport of medium 

through the membrane to fully bathe the cell culture at a sufficient level.  Fortunately, 4 

mL of medium did not to dilute CXCL5 and ubiquitin signal beyond MALDI-MS detection.  

In addition, the hydrostatic pressure required to bathe the cells in medium for survival 

varied with cell confluence.  For instance, occasionally there were dry spots found after 

incubation resulting in regions of non-viable cells.  It was observed that in regions with 

more cells present, the rate of medium transport through the membrane decreased.  It 

was hypothesized that cells were covering pores of the membrane, thereby preventing 

medium transport to the apical side.  Therefore, avoiding growing cultures over 90% was 

of high importance. 

Although switching to ALI inserts did improve cell viability and permitted instant 

particle-cell contact, it did not allow enough time for the particles to adhere to the cells.  

If there was enough transport of medium through the membrane to bathe the cells, the 
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particles were found to lift off from the cell surface and float on the medium surface.  If 

no medium passed through, the cells dried out.  Thus, there remained a fine balance 

with respect to particle contact and cell viability.  Two additional factors regarding ALI 

insert use included high cost, and decreased quality of microscopic images due to 

optical interference from the membrane. 

Pc Particle Diameter from Previous Studies 

Haddrell originally quantified starting mixtures with varying concentrations of 

India ink and their corresponding particle sizes using a 40 µm micro-droplet dispenser.  

He eventually used 5% India ink by volume, which generated Pc with a mean diameter of 

6.3 µm.  Note: the majority of the particles in his dose-response studies were generated 

with a 60 µm micro-droplet dispenser and were also reported as 6.3 µm in diameter.   

The following graduate students to use the EDLT all used 60 µm micro-droplet 

dispensers exclusively.  Cruz Sanchez generated slightly smaller PC at 5.3 µm from a 

5% by volume India ink suspension.  Eleghasim used calculated 2.0, 1.2, and 0.6% India 

ink by volume suspensions, which gave 6.8, 3.8 and 2.6 µm PC, respectively.  

Kardjaputri reported her starting mixture concentrations of India ink as mass content in 

distilled water.  She used 2.5 mg mL-1 India ink to generate coarse fraction Pc (size 

unknown) and 1.5 mg mL-1 for the 2.4 µm Pc.  Assuming the density of India ink is 1 g 

mL-1, these numbers correspond to volume ratios of approximately 0.25% and 0.15%, 

respectively.  FluoSpheres® were also incorporated into the starting mixture of the 2.4 

µm Pc at 1.3 µg mL-1 (1.3 ppm) to assist in locating particles after deposition and 

incubation.  The combined results from the aforementioned user settings suggest 

particle size was variable between several users, even with identical starting mixture 

concentrations. 
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EDLT Method – Results from My Experiments (Continued) 

Micro-Droplet Dispenser Difficulties 

In this study, a 5% (v/v) starting concentration of India ink was applied to a 60 µm 

micro-droplet dispenser.  However, that concentration often clogged the dispenser.  

Despite particle diameter variability between users, the starting concentration did not 

generate particle sizes as expected.  For instance, a starting concentration of 1% India 

ink generated 10 µm Pc.  For Haddrell, 10 µm particles were generated using a starting 

mixture containing > 15% India ink.  To obtain a mid-range coarse fraction particle size 

as desired, the concentration was reduced.  Fortunately, reducing the concentration also 

reduced the amount of clogging.   

Moreover, the original project for this thesis involved the dosage of both coarse 

and fine fraction particles.  As determined by Kardjaputri, FluoSpheres® were essential in 

observing fine fraction particles on a cell culture.  In this work, FluoSpheres® were 

incorporated into both particle size fractions for consistency.  However, the 

FluoSpheres® concentration used by Kardjaputri was not sufficient to observe particles 

under fluorescent conditions.  In fact, it was not until a 1:1 (v/v) ratio of India ink to 

FluoSpheres® concentration was applied until particles were easily observed via 

fluorescence microscopy.  Another change was the replacement of the 60 µm micro-

droplet dispenser with a 40 µm dispenser in an effort to generate fine fraction particles. 

A starting mixture of 0.03% India ink and 0.03% FluoSpheres® (v/v) applied to a 

40 µm droplet dispenser gave Pc particle diameters of ~5 µm.  In this study, 0.1% India 

ink and 0.1% FluoSpheres® were later used in dose-response experiments and gave Pc 

diameters of ~7 µm.  It should be noted that 0.1% India ink was lower than the lowest 

dose used in previous studies, e.g. 0.15% by Kardjaputri.  Recall, 0.15% India ink and 

1.3 ppm FluoSpheres® generated 2.4 µm Pc.  0.03% was a higher amount of 

FluoSpheres® content, but a concentration deemed necessary to visualize the particles.  

India ink is composed of 15-25% solid content, of which 7-9% are 20 nm carbon 

nanoparticles, whereas the stock FluoSpheres® mixture is composed of 20 nm 
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polystyrene latex beads, with ~180 encapsulated fluorescein molecules per bead, at 2% 

solid content.  Therefore, the 1:1 (v/v) ratio used corresponds to an estimated 

carbon:polystyrene nanoparticle ratio of 4:1. 

Unfortunately, a reduction in particle mass likely resulted in reduced particle-cell 

contact.  Particles of less solid content decrease the downward force of the particle, 

subsequently reducing the amount of particles to overcome the surface tension of the 

medium and thereby the number of particles to settle to the bottom of the medium, i.e. 

the cell surface.  Moreover, this phenomenon explains why Kardjaputri required 

centrifugation of fine fraction particles to assist in particle-cell contact as they would have 

a lower mass than coarse fraction particles.  It also explains the reduction of settling 

efficiency of the particles generated in this study relative to Kardjaputri’s, i.e. from 50% 

to <10%.  One might think a simple solution would be an increase in the rate of 

centrifugation.  However, cells have centrifugation limits as they become compromised 

at higher rates. 

In summary, to effectively operate the micro-droplet dispenser, reduced starting 

concentrations were required.  However, this decreased particle-cell contact.  Particles 

with a similar diameter, yet at a decreased mass, reduced the quantity of particles to 

overcome the tension of the medium at the air-liquid interface and, as a result, the 

number of particles that settled to the cell surface. 

Changes Made to Help Reduce Particle Breakdown 

When Haddrell varied the starting concentration of India ink from 0.1% to 25% 

(v/v), he witnessed partial particle breakdown for the largest particles and complete 

particle breakdown for the smallest particles after 24 h. incubation.  It was suggested 

that a more porous particle would allow surrounding medium to penetrate the particle, 

possibly facilitating facile particle breakdown.  Therefore, in this study, it should come 

without surprise that particles generated from starting mixtures containing 0.03% India 

ink and 0.03% FluoSpheres® often fell apart after their deposition onto cell cultures.  The 

starting mixture concentrations of India ink and FluoSpheres® were increased from 

0.03% to 0.1%, subsequently increasing particle diameter size from ~5 um to ~7 um.  
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The increased starting mixture concentrations did appear to help reduce particle 

breakdown (data not shown).  However, increasing the concentrations of India ink and 

FluoSpheres® in the starting mixture increased the frequency of clogging of the droplet 

dispenser. 

In an attempt to further reduce particle breakdown, a few other adaptations were 

applied to the EDLT apparatus.  First, it was thought that particles maintained solvent, 

i.e. water, upon deposition.  In fact, water was visually evident in particles containing 

hygroscopic compounds when deposited onto glass coverslips.  To reduce the quantity 

of water remaining in the levitated droplets, fresh desiccant was added on a daily basis 

to the corner of the chamber housing the EDLT to minimize humidity.  

An adaptation that failed was the addition of a steady stream of nitrogen gas 

applied to levitated particles.  In fact, at higher flows the nitrogen affected loss of a 

portion of the levitated particles, thereby reducing the number of particles available for 

dose.  Conversely, the addition of a heat lamp, placed above the EDLT apparatus, 

increased the temperature in the chamber that housed the EDLT to ~45 °C, and 

improved particle intactness upon deposition and 18 h. incubation (Figure A.3B and 

Figure A.3C, respectively).  Each levitated population was stored at an increased 

levitation period of 2 min. before deposition.  The elevated chamber temperature and 

increased levitation period visually reduced particle breakdown, but did not eliminate 

particle breakdown.  In fact, the amount of particle breakdown between experiments was 

still variable (Figure A.3B and Figure A.3D).  It may have been linked to the amount of 

medium transport through the ALI membrane.  Furthermore, particles containing 

secondary components with hygroscopic properties such as Ni(NO3)2
.6H2O and TNF-α 

had more solvent present upon deposition, as ascertained by the facile breakdown of 

these particle types more readily relative to Pc. 
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Figure A.3: Site of deposition at A/B/D) 0 h. or C) 18 h. for coarse fraction carbon 
particles deposited onto A549 cell cultures grown on ALI inserts A) 
without or B/C/D) with the inclusion of a heat lamp to elevate the 
EDLT chamber to ~45 °C.  All images showed here used starting 
mixtures containing 0.1% India ink and 0.1% FluoSpheres® 
concentrations.   

In summary, one of the major challenges encountered with the EDLT method 

was the particle breakdown upon deposition.  Factors that helped reduce particle 

breakdown included increased starting concentration of India ink, heated chamber, 

increased levitation period, and fresh desiccant placed inside the housing of the EDLT.  

Unfortunately, these changes did not eliminate the issue as particle breakdown 

appeared variable between identical particle types and occurred more commonly with 

particles containing secondary soluble hygroscopic components. 



 

177 

Additional Minor Changes in the Methodology  

A number of minor alternations were also made to further enhance the 

methodology.  They included: 

i. Additional particle characterization via bright-field microscopy prior to dose to 

improve quantitation. 

ii. Changes in volume for Trypan blue assay to improve the visual confirmation of 

non-viable versus viable cells. 

iii. Reduced incubation period to from 24 h. to 18 h. to accommodate consistency 

and daily schedule. 

iv. The positive control, soluble TNF-α, was originally reduced from 400 ng mL-1 to 

200 ng mL-1 as the threshold was previously set too high.  In fact, the positive 

control was eventually reduced further to 10 ng mL-1.   

v. Many changes were made to MALDI sample preparation as former lab student 

Edward Lau simultaneously enhanced mass spectrometry protocol during the 

project’s timeline. 

vi. Increase in the number of washings and wait times during ICAM-1 assay to 

reduce non-specific binding and large fluctuations in background signal. 

vii. ICAM-1 data acquisition and analysis changes to help improve the S/N ratio 

and quantitation. 

Decision to Reject EDLT as an In Vitro Method 

The original project goal was to utilize the EDLT to generate and deposit select 

simple, ambient, particle mimics onto human lung cell cultures.  However, the 

functionality of the inherited method turned out to be a major issue.  For starters, there 

was a fine balance between cell viability and particle-cell contact.  If there was not 

enough medium present, the cells would dry out; and if there was excess medium, it 

would negate particle-cell contact.  Furthermore, there was variation in medium volume 

during the incubation period, which made the already fine balance between cell viability 

and particle contact even harder to achieve.  In an attempt to work around this persistent 

issue, a sufficient amount of medium, i.e. 250 µl, was applied to keep the cells viable, 

and centrifugation was attempted to drive the particles towards the cell surface, but to 
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very limited success.  ALI inserts were eventually introduced to allow direct particle-cell 

contact upon deposition, but particles were often displaced from the cell surface upon 

transport of medium through the ALI membrane, i.e. from the basal to apical side.   

Another major hindrance was the necessity to reduce the quantity of dispersed 

solids in the starting mixtures.  This requirement was largely due to the high clogging 

frequency of the dispenser based on starting concentrations of India ink used in previous 

studies.  Furthermore, this reduction likely had a significant impact on the particles’ 

physical properties.  For instance, a decreased particle mass likely explained why 

particles floated atop of the medium and the aforementioned centrifugation resulted in 

limited results.  Furthermore, particle breakdown in media alone was another major 

issue preventing particle-cell interactions.  Various alterations were applied such as the 

addition of fresh desiccant daily, a steady stream of nitrogen flow, a temperature 

increase within the EDLT chamber via an external heat lamp, and an increase in 

levitation period.  With the exception of nitrogen flow, these changes resulted in some 

form of improvement of particle intactness.  However, the addition of secondary 

hygroscopic soluble components led to an increase in the frequency of the occurrence of 

particle breakdown.  Even after all these modifications were incorporated, the settling 

efficiency was still poor and variable.   

Throughout the various alterations, 39 experiments were performed spanning 

193 samples delivered by the EDLT.  P(C+X), largely within the coarse fraction, with 

Ni(NO3)2, NaCl or TNF-α used as the secondary component, were delivered onto A549 

monocultures at varied concentration; albeit, some testing was performed on primary 

human lung cell lines.  From all of these samples, there was no evidence of reproducible 

differential expression of ICAM-1 or CXCL5, two mediators identified in results by former 

students.  As indicated by past users, namely Kardjaputri and Hu, the EDLT method was 

highly non-reproducible.  In fact, Hu dedicated a thorough chapter in her thesis in hopes 

to provide an improved and more user-friendly protocol for the EDLT method.   

The combination of the struggles encountered by previous members’ studies and 

the lack of reproducible results eventually led me to develop a different method to deliver 
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controlled multi-compositional particles.  A nebulizer-spray chamber apparatus was 

introduced that could deliver doses with significantly increased particle count and 

particles with higher solid content. 

Comparison between EDLT and Nebulizer Dose-Response Strategies 

The principal difference between the EDLT and nebulizer methods was the 

amount of dose, e.g., µg, µg mL-1, µg cm-2, no. of particles, applied to a cell culture over 

an equivalent time interval.  The EDLT relies on generating and depositing a small 

population of particles (about 20-50), whereas the nebulizer is capable of depositing a 

much larger population of particles, e.g., into the tens of thousands, within the same time 

frame, e.g., 1 min.  This increase in dose is particularly advantageous when a particle 

type of interest cannot up-regulate cellular response at the restricted dose levels of the 

EDLT. 

Drawing upon the reference numbers from (1) Haddrell (26 pL droplet, 5% (v/v) 

India ink starting concentration, maximum delivery of 100 particles, and a 0.36 mm2 

deposition site), (2) Eleghasim (average India ink average content (v/v) including 8% 

carbon black, 7% shellac, 1.5% ammonium hydroxide, 0.45% phenol, and 1.6% ethylene 

glycol), and (3) Hu (227 mg residue per ml of India ink), it was determined that India ink 

contains 115.2 mg ml-1 carbon black. By using that calculated value, the EDLT was 

capable of providing an estimated maximum dose of carbon black at the site of 

deposition of 4.2 µg cm-2.  However, India ink in the starting solution was reduced to 

0.1% (v/v) to avoid clogging of the micro-droplet dispenser, reducing to this value to 84 

ng cm-2. 

The content of silica particles delivered via the nebulizer apparatus onto a single 

well in a six-well plate with a surface area of 950 mm2 was 17.6 µg, 8.8 µg ml-1, or 1.8 µg 

cm-2.  This was based upon having 2.0% deposition efficiency, a 55% settling efficiency, 

and a 10 min. minute exposure period.  The EDLT was originally capable of delivering a 

comparable dose of 4.2 µg cm-2 when considering surface area coverage at the region 

of deposition.  However, the required reduction in starting material, i.e. 5% to 0.1% (v/v), 
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reduced the maximum surface coverage fifty-fold to 84 ng cm-2.  In terms of total surface 

coverage and total dose, i.e. µg cm-2 and µg, respectively, the nebulizer was capable of 

delivering a dose of over 3 orders of magnitude higher than the EDLT when using 5% 

India ink.  The coverslip technique allowed ~100-fold reduction in medium volume or 

~10-fold when using a centre-well, resulting in a more comparable dose based on 

concentration by mass, i.e. µg mL-1.  Yet, the nebulizer approach was more capable of 

delivering a higher total dose, and therefore it was more likely to elicit cellular response. 

The aforementioned discrepancy in culture-wide deposition ties into another 

notable difference between the two methods: the difficulties associated with locating 

particles.  The EDLT apparatus delivered a small population of particles onto a relatively 

large cell culture.  Finding particles was often a very tiresome and tedious experience, 

particularly when particles were no longer observable due to their breakdown.  

Alternatively, the nebulizer approach achieved culture-wide deposition, and the search 

for particles was no longer an issue.  Furthermore, if particles disintegrated, it was 

instantly known.  In fact, eliminating the search for particles was one of the major 

benefits for the user in the transition to the nebulizer approach. 

Another difference between the two methods was the size distribution of 

particles.  The nebulizer generates particles across a relatively broad range of 

diameters.  Thus far, particles generated by the nebulizer have spanned the thoracic 

fraction.  Shifting the size distribution could be obtained by modifying the starting 

concentrations.  For instance, an appropriate reduction in starting concentrations would 

result in fine fraction only particles.  However, without the inclusion of a particle size cut-

off filter, it may be difficult to generate only coarse fraction particles.  The nebulizer 

approach is limited to delivering particles encompassing the thoracic fraction or fine 

fraction.  Alternatively, the EDLT technique generates particles with near identical 

diameters.  While this ability may be of benefit in regards to targeting a specific size, it 

could not generate a distribution of particles.  A broad size distribution simulates a more 

realistic dose as the inhalation of particles of varied sizes is more relevant than particles 

of a specific size, even considering that the pulmonary system acts as a size cut-off filter 

for inhaled particulates.  The benefits of the two delivery strategies truly depend on the 

application.  Nevertheless, bridging the gap between real-world exposures and 
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laboratory simulation was always a crucial part of development, and the ability to dose 

particles across a controlled size range was another reason why particle generation via 

nebulization was a welcomed dose-response approach. 

Another dissimilarity was particle intactness upon deposition, which was likely 

influenced by the difference in solid content of the starting mixtures.  Particles delivered 

by the nebulizer were generally more intact than particles delivered by the EDLT.  The 

initial size of the droplets dispensed from the 40 µm micro-droplet dispensers were 

measured by Haddrell as 18.4±0.7 µm.199  Once droplets were captured by the EDLT, 

they were subject to a controlled de-solvation period to form solid particles.  Recall, a 

starting mixture of 0.1% (v/v) India ink with 0.1% (v/v) FluoSpheres® applied to a 40 µm 

micro-droplet dispenser and levitated for two minutes resulted in 7 µm diameter 

particles.  However, these particles occasionally broke down upon contact with the 

medium.  Either there was not enough solid content to hold the particles whole and/or 

there was remaining solvent throughout the particle that helped facilitate particle 

breakdown.  It was difficult to visualize if PC maintained solvent upon deposition onto a 

coverslip via microscopy, but it was obvious when a hygroscopic secondary component 

such as a metal salt was added, e.g., Ni(NO3)2.  It was previously mentioned that PC had 

variable breakdown, so perhaps on days with higher humidity, more solvent was 

retained that facilitated particle breakdown. 

In contrast, particles deposited via the nebulizer were largely intact.  During the 

early developmental stages of the nebulizer-spray chamber apparatus, two high 

efficiency nebulizers (HENs) were used with orifice diameters comparable to the micro-

droplet dispensers at 25 µm and 115 µm.  It was quickly determined that the 115 µm 

HEN reduced the amount of clogging due to the increase in orifice size.  The 115 µm 

HEN was later replaced by a conventional nebulizer with an orifice diameter of 225 µm.  

According to calculations provided by the supplier (Meinhard®) using the Nukiyama and 

Tansawa equation,205 their HEN and conventional nebulizers had mean droplet sizes 

ranging from 1.2 to 1.5 µm and 12 to 15 µm, respectively.  Under starved conditions, the 

mean range for conventional nebulizers dropped to 3.2 to 4.2 µm.  As mentioned, 

starving the nebulizer is otherwise operating at a reduced sample uptake rate, and was 

an approach that clearly had an effect on droplet size, but also increased sample 
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throughput efficiency from the point of introduction to the nebulizer through to the exit of 

the spray chamber.   

Silica particles used throughout the majority of this thesis were generated using a 

conventional nebulizer under starved conditions, specifically at a solution flow rate of 

15 µl min-1, and had a measured mean particle diameter for settled particles of 3.4 µm.  

That was almost a size difference of two orders of magnitude between the resultant 

particles versus the internal diameter of the nebulizer, and was a much larger difference 

in comparison to the micro-droplet dispenser/EDLT technique.  The significant reduction 

in droplet diameter in relation to the internal diameter of the nebulizer capillary was due 

to surface tension forces derived from the velocity difference at the air-liquid interface.206  

This phenomenon separated the applied starting mixture into many small droplets, 

thereby increasing the surface area, and subsequently the rate of de-solvation.  

Therefore, even though residence time in chamber was much greater for the EDLT 

(minutes versus seconds) and the orifice size was more compact (40 µm versus 225 

µm), the final mean particle diameter was smaller when delivered via nebulization.  

Two other major differences between the two dose-response approaches include 

the temperature of the chamber and the amount of insoluble material used in the starting 

mixture.  The chamber temperature of the two apparatuses was increased using heat 

lamps.  The EDLT had a measured chamber temperature of 45 °C, whereas the 

nebulizer had a measured central chamber temperature of 54 °C, and a maximum 

internal chamber temperature of 89 °C along the chamber walls.  In addition, the 

concentration of the primary component in the starting mixture was much greater for the 

nebulizer (11 mg mL-1 SiO2 versus an estimated 115 µg mL-1 carbon black).  Both of 

these variables affected particle intactness. 

There were some other small, yet notable differences between the two 

methodologies.  As previously mentioned, the larger diameter orifice of the nebulizer 

reduced the amount of orifice clogging and, consequently, the amount of time spent 

de-clogging.  This reduction of clogging allowed the use of higher concentrations of 

insoluble material in the starting mixture, which corresponded to an increase in solid 
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content per particle, and improved particle intactness.  Unfortunately, due to their small 

size and fragile design, both nebulizers and micro-droplet dispensers were susceptible 

to breakage.  Yet, a nebulizer was less than half the price of a micro-droplet dispenser.  

The main issue in switching to the nebulizer was the loss of quantitation.  With the 

EDLT, a small population of particles was deposited and once located they could be 

counted in a straightforward fashion.  Conversely, particles delivered via nebulization 

required the assistance of computer software to help quantify the overwhelming number 

of particles. 

In summary, the nebulizer approach delivered a significantly larger dose of 

particles that were easier to locate and had a more realistic size distribution, among 

other benefits such as improved particle intactness, reduced clogging, and at lower cost, 

with the only major drawback being increased error in quantitation.  While perhaps not 

all of these advantages were initially anticipated, the multiple difficulties experienced with 

the EDLT and the positive outlook on the nebulizer technology led to the transition to a 

new dose-response method for experimental studies. 


