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Abstract

Background: Industrial sources contribute a significant proportion of anthropogenic particulate matter (PM)
emissions, producing particles of varying composition that may differentially impact health. This study investigated
the in vitro toxicity of ambient PM collected near industrial sites in relation to particle size and composition.

Methods: Size-fractionated particles (ultrafine, PMg 155, PM5s 10, PMs o) were collected in the vicinity of steel,
copper, aluminium, and petrochemical industrial sites. Human lung epithelial-like A549 and murine macrophage-like
J774A1 cells were exposed for 24 h to particle suspensions (0, 30, 100, 300 pg/cmz). Particle potency was assessed
using cytotoxic (resazurin reduction, lactate dehydrogenase (LDH) release) and inflammatory (cytokine release)
assays, and regressed against composition (metals, polycyclic aromatic hydrocarbons (PAHSs), endotoxin).

Results: Coarse (PM,s_1q, PM. o) particle fractions were composed primarily of iron and aluminium; in contrast,
ultrafine and fine (PMg_5 ) fractions displayed considerable variability in metal composition (especially water-soluble
metals) across collection sites consistent with source contributions. Semi-volatile and PM-associated PAHs were
enriched in the fine and coarse fractions collected near metal industry. Cell responses to exposure at equivalent mass
concentrations displayed striking differences among sites (SITE x SIZE and SITE x DOSE interactions, p < 0.05), suggesting
that particle composition, in addition to size, impacted particle toxicity. While both J774A.1 and A549 cells exhibited
clear particle size-dependent effects, site-dependent differences were more pronounced in J774A.1 cells, suggesting
greater sensitivity to particle composition. Plotting particle potency according to cytotoxic and inflammatory response
grouped particles by size and site, and showed that particles of similar composition tended to cluster together.
Cytotoxic effects in J774A.1 cells correlated with metal and PAH content, while inflammatory responses were
associated primarily with endotoxin content in coarse particles.

Conclusions: Industrial sources produce particulate emissions with varying chemical composition that differ in
their in vitro potency in relation to particle size and the levels of specific constituents.
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Background

On the basis of associations between particulate matter
levels and morbidity and mortality [1-4], air quality
standards in North America and Europe are expressed
as mass concentrations for a given size range (i.e.,, PMiq
and PM, 5; particles with an aerodynamic diameter less
than 10 pm and 2.5 pm respectively). It is clear, how-
ever, that biological responses to particulate matter are
dependent not only on size, but also on other physico-
chemical characteristics such as inorganic and organic
composition, which are impacted by mode of gener-
ation, and therefore source. Industrial sources are
major contributors of particulate matter pollution, and
in Canada account for an estimated 64% of total emit-
ted particulate matter and 39% of PM;, (Environment
Canada (2012)). An understanding of the relative con-
tribution of sources and specific particle constituents to
the toxic potency of airborne particulate matter could
complement epidemiological studies and exposure data
to ultimately inform regulatory initiatives aimed at tar-
geting specific emission sources [5].

Particulate matter is a heterogeneous mixture com-
posed of carbonaceous combustion materials such as
polycyclic aromatic hydrocarbons, biogenic material,
salts, and other inorganic materials such as transition
metals. Particle composition varies geographically and
temporally both in chemical composition and size dis-
tribution, and these differences are associated with
variance in the magnitude of health impacts observed
in epidemiological studies [3, 6, 7]. Differences in ef-
fects elicited by sub-components of the same particle
mix may reflect particle size (e.g., the increased surface
area to mass ratio of smaller particles resulting in more
surface activity or adsorbed substances; differential par-
ticle deposition in the respiratory tract), particle num-
ber, composition, or combinations of these factors. We
and others have shown previously that the potency of
respirable fine particles from different geographical
locations is related to their physicochemical character-
istics, in particular to the profiles of bioavailable transi-
tion metals and polycyclic aromatic hydrocarbons (e.g.,
[8-12]. While soluble metals appear to play a key role
in both acute lung injury [13, 14] and cardiovascular
effects [15, 16] of particle exposure in rodents, some
studies have found that insoluble particle components
are more closely associated with cytotoxic and inflam-
matory responses in vivo and in vitro [17, 18]. Microbial
components (e.g., endotoxin) associated with particles
have also been shown to contribute to biological ef-
fects of ambient particles, in particular to their inflam-
mogenic potential [9, 19]. Responses of cells that have
direct contact with inhaled particles, such as alveolar
macrophages and lung epithelial cells, may therefore
depend on various particle properties (e.g., size,
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composition) and their interaction with cell-type-
specific characteristics.

Several studies suggest that particulate emissions from
specific industrial sources have significant population
health impacts. Closure of a steel mill in Utah was asso-
ciated with a reduction in respiratory and cardiovascular
mortality, with daily mortality associated with PM;jq
levels [20]. Comparison of the biological potency of
aqueous extracts of particulate samples collected on fil-
ters before, during, and after closure and resumption of
mill activity revealed increased toxicity (according to
lactate dehydrogenase, interleukin (IL)-6 and IL-8 re-
lease) associated with higher levels of lead, copper, zinc,
and iron (each 2-3-fold higher) when the mill was oper-
ating [21]. A study examining health effects of living
within pollution gradients of steel industry in Hamilton,
Ontario, found increased relative risk of premature
mortality associated with higher levels of total sus-
pended particulate matter [22]. Proximity to copper
refineries was associated with higher levels of lead, cop-
per, arsenic, and zinc in ambient particles, and in-
creased respiratory mortality [23], and closure of a
copper refinery was associated with reduced respiratory
and cardiovascular mortality [24]. This was attributed
to reduced sulfate levels, although it was noted that
transition metals (for which data were not available)
would also have been expected to decrease during this
period [25]. Changes in heart rate and heart rate vari-
ability observed in mice exposed to concentrated fine
particulate matter in Tuxedo, New York, were associ-
ated with nickel, with 72 h back trajectories suggesting
that the air mass passed over the nickel smelter in Sud-
bury, Ontario [26]. These studies implicate industrial
emissions in the health impacts associated with expos-
ure to particulate air pollution. However, to our know-
ledge there has been no direct comparison of the
composition and relative toxicity of size-fractionated
particles collected in the vicinity of multiple distinct
industrial point sources. Such a study could provide
valuable information on the links between sources,
physicochemical characteristics of the particles, and
toxic potency that underlie associations between ex-
posure to particulate matter and adverse health effects.

Ambient particulate matter at any given site would be
expected to be impacted by fixed regional sources, mo-
bile transportation sources, and long-range transit of
particles, in addition to local point sources. Nevertheless,
airborne particulate matter collected downwind of spe-
cific industrial sources for an extended period of time
should be enriched for particles generated by that
source. In vitro models provide an effective platform for
screening and comparing biological responses to mate-
rials of differing composition. Using such models, we
have previously shown that particles collected at
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industrial, high traffic, and residential sites within a
small urban area can vary significantly in their compos-
ition and potency [12]. In the present study our objective
was to compare the relative toxic potency of size-
fractionated ambient particles collected at sites impacted
by distinct industrial emission sources and investigate
determinants of toxicity. We hypothesised that particles
collected in the vicinity of different industrial sources
would differ in their composition and in their toxic po-
tency in biological systems. By sampling the air at sites
in close proximity to specific industrial sources, our
intention was to collect size-fractionated samples with
distinct chemical composition that reflected a strong sig-
nal from the industrial site in question. A panel of cyto-
toxic and inflammatory assays was used to generate a
response signature for each particulate sample, enabling
regression of biological endpoints against particle con-
stituents to investigate potency drivers. Our results show
that particles collected in the vicinity of industrial sites
display clear size- and site-dependent differences in
composition and biological potency.

Methods

Particle collection and extraction

A ChemVol High Volume Cascade Impactor [27] was
used to collect size-fractionated particles at ground
level in the vicinity of five industrial sites. These were:
a steel mill in Hamilton (Hamilton Beach, HB), Ontario
(5 samples between October 24 and December 6,
2007); a petrochemical refinery in Sarnia (SR), Ontario
(7 samples between January 25 and March 11, 2008),
and another in Montréal (MA), Québec (5 samples be-
tween May 4 and June 8, 2009); a copper smelter in
Montréal (MC), Québec (5 samples between February
24 and March 30, 2009); and an aluminum refinery in
Shawinigan (SW), Québec (5 samples between June 18
and July 23, 2009). The sampler employed three impac-
tion stages with polyurethane foam collection surfaces
with target cut points at 10, 2.5, and 0.1 pm mass
median aerodynamic diameter followed by collection of
ultrafine particles on polypropylene filters, producing
particle fractions with aerodynamic diameter >10 pm
(PM.;o or super-coarse), between 2.5 and 10 pm
(PMy.5_10 or coarse), between 0.1 and 2.5 um (PMg;_ 55
or fine), and <0.1 pm (ultrafine particles, UFP). Collec-
tion efficiency curves for the ChemVol impaction
stages were reported previously by Demokritou et al.
(2002). A high capacity Roots™ Universal RAI Rotary
Positive Blower was used to maintain the highest flow
rate possible through the ChemVol impaction slits.
The main restriction and greatest pressure drop was
provided by the 0.1 pm cut stage, which limited the
flow rate to the design flow of about 900 L/min accord-
ing to the manufacturer (Rupprecht and Patashnick,
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Albany, NY). Samples were collected over a period of
five weeks at each site, with the exception of Sarnia
where the collection period was for seven weeks, with
collection substrates replaced each week. Field blank
filters were transported to each site, but remained un-
exposed to ambient air. They underwent all other steps
followed by the samples (i.e., cleaning, handling in the
laboratory, shipping, storage at the field site and in the
laboratory, and extraction). All collection surfaces were
precleaned prior to sampling with repeated sonication in
Milli-Q-grade deionized, sterile water (18.2 MOhm.cm
resistivity), and Omnisolv HR-GC-grade methanol (EMD
Millipore, Etobicoke, ON, Canada), followed by drying
under nitrogen and final evaporation of solvent in drying
oven. Cleaned substrates were stored in sterile sample
bags wrapped in foil to protect from photodegradation.
Particles were recovered from polyurethane foam and
filters by aqueous extraction and sonication as previ-
ously described [12]. Samples collected across weeks at
each site were extracted together, such that the extracted
particles represent the full collection period. Extracted
particles were vacuum-dried (22 h, 37 °C) using MiVac
SpeedTrap™ vacuum concentrator (Genevac Ltd., Ips-
witch, Suffolk, UK). Extraction efficiencies of particle
mass determined by comparing filter masses pre- and
post-extraction were 96 + 19% from polyurethane foam
and 37 + 13% polypropylene filters. Ultrasonic agitation
and mechanical manipulation of the substrates during
particle extraction resulted in generation of a small
amount of debris that would contribute to the extracted
particle mass. Extraction of field blank (unexposed) poly-
urethane foam and polypropylene filters indicated that
such filter material contributed 1-8% of extracted mass.
Debris were removed by filtration of the polyurethane
foam extracts using a sterile 40 pm nylon filter (BD
Falcon Cell Strainer, Corning Life Sciences, Corning,
NY), while polypropylene filter extracts were filtered
sequentially through 40 ym and 5 pm filters (Target
Syringe Filter, National Scientific Co., Rockwood, TN).
Average particle yields (final particle mass recovered
relative to initial mass extracted) from polyurethane
foam and polypropylene filters were 90 + 7% and 86 +
9% respectively. Standard reference materials (SRM)
TiO, (SRM-154b) and SiO, (SRM-1879a) were ob-
tained from the National Institute of Standards and
Technology (NIST, Gaithersburg, MD). Preparation
and characterisation of the urban particulate matter
standard EHC-6802 was described previously [28].

Characterisation of particle composition

All analyses of particle composition were performed on
particles extracted as described above. For metals ana-
lyses, samples were first ultrasonically extracted with
2 mL of double deionized water (DDW, resistivity > 18
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MOhm cm) for 30 min at room temperature. Both solid
material and aqueous extract were quantitatively trans-
ferred to a centrifuge tube followed by dilution to 9 mL
using DDW, and centrifuged for 5 min at 5000 rpm. An
aliquot of supernatant (8 mL) was taken and acidified
with 1% (v/v) HNOj3 [29, 30] for further analysis of
water-soluble metals using ICP-MS. The remainder of
the sample (solid residue and aqueous extract) was
quantitatively transferred into a digestion vial and evapo-
rated to almost dryness. Samples were then digested and
analyzed by ICP-MS as previously described [12]. The
obtained results were corrected for the water-soluble
metals present in the analyzed samples (1 mL aqueous
extract) to calculate the concentration of non-water-
soluble metals. All measurements were performed using
a 7500ce ICP-MS system (Agilent Technologies,
Wilmington, DE, USA). The octopole collision/reaction
system (ORS), was pressurized with He gas for analysis
of V, As and Cr, and with H, for analysis of Fe and Se.
Internal standardization with 0.5 mg/L solution of **Sc,
89Y, °In, and "**Ho was used to correct for instrument
drift and nonspectral interferences. Quality control sam-
ples were used to determine the accuracy and precision
of chemical analysis, and to diagnose contamination.

For polycyclic aromatic hydrocarbons (PAHs), particle
samples were spiked with 50 pL of isotopically labeled
PAH surrogate standards for recovery correction. PAH
analyses were performed on PMg;_»5 PMys_ 10 and
PM.,,( fractions but not ultrafine (PM_y;) particles due
to lack of material for this size fraction. Samples were
extracted by Soxhlet apparatus in 350 mL of cyclohexane
for 16 to 20 h. Following evaporation to ~5 mL, the ex-
tract was subjected to activated silica gel column chro-
matography for fractionation of the desired target
analytes using a suite of solvents of increasing polarity
as previously described [12]. The purified extract, to
which 50 pL d10-fluoranthene (10 ng/puL) was added,
was analysed for PAHs by GC/MS using low resolution
Agilent 7890A GC interfaced directly to Agilent 5975C
Mass Selective Detector under conditions previously de-
scribed [12]. Quality control samples were used to deter-
mine the accuracy and precision of the chemical
analyses. Field blank filter samples were used to assess
and correct for background concentrations.

Endotoxin levels were assessed using the Limulus
Amebocyte Lysate (LAL) chromogenic quantitation kit
(Lonza, Walkersville, MD, USA) and quantified with a
Synergy 2 multi-mode plate reader (Bio-Tek, Winooski,
VT, USA) as described previously [12].

In vitro exposures

Human lung epithelial-like (A549; ATCC, CCL-185) and
murine macrophage-like (J774A.1; ATCC, TIB-67) cell
lines (American Type Culture Collection, Manassas, VA,
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USA) were propagated in Dulbecco’s Modified Eagle’s
Medium (Fisher Scientific) containing phenol red and
4.5 g/L glucose and supplemented with FBS (10% v/v,
non-heat inactivated; Fisher Scientific) and Pen Strep
(100 U/ml penicillin-G, 100 mg/ml streptomycin;
Sigma-Aldrich Canada, Oakville, ON) for A549 cells
and Gentamicin (50 pg/mL; Sigma-Aldrich Canada,
Oakville, ON) for J774A.1 cells respectively, in 75 cm?
tissue culture flasks (Corning, NY, USA) at 37 °C, 5%
CO2, and 95% relative humidity. Phenol red was ex-
cluded for particle exposures and bioassays to avoid
interference with the detection methods. Cells were
seeded in 96-well black-walled clear-bottom cell culture
plates (BD Biosciences, Mississauga, ON) at 100 uL/well
(A549, 2 x 10" cells/well, 6 x 10" cells/cm? J774A.1, 4 x
10* cells/well, 12 x 10* cells/cm®) of complete medium,
and incubated at 37 °C for 24 h. On the day of exposure,
particle suspensions were thawed, sonicated for 20 min in
an ice-cold ultrasonic water bath, diluted in complete
media devoid of serum, and sonicated for a further 5 min
immediately prior to cell dosing. Cell monolayers were ex-
posed to 100 pl particle suspensions resulting in 0, 30,
100, and 300 pg/cm? in a final volume of 200 pl (with a
5% final concentration of serum). Polyurethane foam and
polypropylene field blank filter extracts resuspended ac-
cording to the mean volume used to resuspend extracted
particles for each size fraction were compared alongside
particles for all toxicity experiments to test for biological
effects of any residues from collection substrates. Doses
were selected to range from levels that produce negligible
effects to levels that produce measurable effects according
to the cytotoxicity assays employed so that dose—response
relationships could be evaluated [12]. Cells were incubated
at 37 °C for 24 h prior to assessment of cytotoxicity and
inflammatory effects, a time point selected to allow for
cytotoxic and inflammatory responses to develop [12].
Three independent exposure experiments were conducted
for each cell line, with duplicate technical replicates in-
cluded on each plate.

Cytotoxicity assays

Aliquots of supernatants clarified by centrifugation at
350 x g for 5 min were used in the lactate dehydrogen-
ase (LDH) release and inflammatory cytokine assays.
Metabolic activity was assessed in cells after the
addition of the resazurin reagent mixture (Alamar Blue,
Fisher Scientific). Reduction of the dye resazurin to
resorufin was calculated by fluorescence reading at 3 h
minus baseline fluorescence measured at AEx =530-
540 nm and AEm = 590-600 nm. Following removal of
the supernatant, cells were washed in serum-free
medium (15 min incubation at 37 °C), lysed in a buffer
containing 100 mM MgCl, and 0.025% Triton X-100 in
PBS at room temperature for 5 min, and centrifuged
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for 10 min at 1700 x g. The obtained supernatants and
lysates were transferred to 96-well conical bottom
plates and clarified by centrifugation for 5 min at 350 x
g. LDH levels were measured using the CytoTox 96
colorimetric assay (Promega Corporation, Madison,
WI) as previously described [12], and LDH release was
calculated as a fraction of total LDH activity recovered
in supernatant and cell lysate.

Cytokines

Levels of IL-1a, IL-1pB, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-12 p70, IL-13, IL-17, eotaxin, G-CSE, GM-CSE,
IFNy, KC, MCP1, MIP-1a, MIP-1f, RANTES, and TNF
were assessed in J774A.1 cell supernatants using the
Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad
Laboratories (Canada) Ltd., Mississauga, Ontario, Canada)
on a Bio-Plex 200 multiplex luminescence assay system
(Bio-Rad Laboratories (Canada) Ltd.) following the manu-
facturer’s protocol.

Potency estimates

Cytotoxicity endpoints (resazurin reduction, lactate
dehydrogenase release) and cytokine levels were nor-
malized to the mean of the respective controls to gen-
erate fold-change values for each particle dose. Potency
estimates () of the exposure-response relationship
were derived from the following equation: fold-change
= (Dose + 1)? where P is the slope of the relationship on
the logarithmic scale [8]. As higher potency is reflected
by a greater negative slope in the resazurin reduction
assay and a positive slope in the LDH release assay, po-
tency estimates for resazurin reduction were multiplied
by -1 prior to averaging of cytotoxic potencies across
assays to generate a consensus cytotoxic potency for
each particle.

Statistical analyses

Cytotoxicity and cytokine dose—response data for the
size-fractionated particle exposures were assessed for
statistically significant effects by three-way ANOVA with
Dose (0, 10, 30, 100 pg/cmz), Site (Hamilton beach (HB),
Montréal petrochemical industry (MA), Montréal cop-
per refinery (MC), Sarnia petrochemical industry (SR),
Shawinigan aluminium smelter (SW)) and Size (UFP,
PMy1_25 PMss_10, PM.1o) as factors. For the particle
standards, two-way ANOVA was performed with
Particle (EHC-6802, TiO,, SiO,) and Dose (0, 10, 30,
100 pg/cm?) as factors. Datasets not meeting the as-
sumptions of normality and equal variance for
ANOVA were transformed prior to analyses. Pairwise
multiple comparisons were carried out using the
Holm-Sidak procedure as directed by significant factor
interactions or main effects in the ANOVA to eluci-
date the pattern of significant effects (a=0.05).
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Correlations were performed between toxicological end-
points and particle chemistry using Pearson’s Product
Moment Correlation and Best Subset Regression. All stat-
istical analyses were conducted using SigmaPlot version
13 (Systat Software, Inc., San Jose, CA, USA). Clustering
of particles based on composition was conducted using
Minitab, version 15 (Minitab Inc., State College, PA,
USA). Heatmap software was used to visualise inflammatory
cytokine potency data (http://www.hiv.lanl.gov/content/se-
quence/HEATMAP/heatmap.html; Los Alamos National
Laboratory, Los Alamos, NM, USA).

Results

Chemical analyses of particles from sites impacted by
industrial sources

Levels of metals, PAHs, and endotoxin were analysed in
each particle (summarised in Table 1).

There was considerable variability in the concentration
of metals per unit mass of particulate sample across
sites. Hamilton (HB) and Shawinigan (SW) had the high-
est total metal content across size fractions (with the ex-
ception of high levels in the fine fraction from the
Montréal petrochemical site (MA)), followed by the two
Montréal sites (MA, MC), and lastly Sarnia (SR), which
had considerably lower metal content than all other
sites. The amount of PAHs in extracted particles was
also variable, with no clear trends across size fractions
or sites beyond relatively high levels recovered in the
coarse and super-coarse fractions in Shawinigan. Endo-
toxin was detected in all samples, and tended to increase
with particle size (Size main effect, p <0.001), with sig-
nificantly higher levels in PM,5_;9 and PM,;, compared
to the ultrafine fraction (p < 0.05, Holm-Sidak pairwise
comparison). Detailed data on metal and PAH content
are provided in Additional files 1 and 2 respectively.

Comparison of metal content across sites revealed
size-dependent contrasts in composition and solubility
(Fig. 1). Compared on an equivalent mass concentration
basis, PM, 5_1o and PM,, fractions displayed total metal
content 2-3 times higher than UFP and PMg;_»5 frac-
tions. However, whereas metals in the PM,s_ ;o and
PM.,, fractions consisted largely of non-water-soluble
iron and aluminium, metal solubility was markedly
higher in UFP and PMg;_»5 fractions. The UFP and
PMy ;.o 5 fractions were also considerably more variable
in composition, with the most striking differences in
composition observed in the water-soluble fractions.
Notable differences included relatively high levels of
zinc, manganese, and arsenic in samples collected near
Hamilton steel industry; copper, arsenic, and lead in
samples collected near the Montréal copper refinery and
to a lesser extent in samples collected near Montréal
petrochemical industry; higher cadmium and cobalt in
samples collected near the Montréal petrochemical site;
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Table 1 Composition of size-fractionated particles collected in the vicinity of industrial sites: total metals, endotoxin, polycyclic

aromatic hydrocarbons

Total Metals? (ug/g)

Endotoxin (EU/ml/ug PM)

PAHs® (ug/g of PM)

UFP PMo1-25 PM2s_10 PM.10 UFP PMo1-25 PM,s_10 PM.10 PMo1-2s PM,s_10 PM.10
Hamilton Beach (HB) 29512 32675 86365 72230 0.017 0.038 0.082 0.072 151 90 22
Montréal (MA) 12827 39228 59533 56430 0.019 0.047 0.074 0.080 28 74 40
Montréal (MC) 14467 19758 44853 36381 0.009 0.051 0.053 0.019 100 79 93
Sarnia (SR) 5346 9965 28264 18842 0.006 0.005 0.037 0.054 40 51 9%
Shawinigan (SW) 19612 36537 87836 110990 0.010 0.044 0.046 0.078 m 413 305

2See Additional file 1 for complete description of metals analysed
bSee Additional file 2 for complete description of PAHs analysed

and the predominance of aluminum in samples collected
near the Shawinigan aluminium refinery (complete metal
analyses provided in Additional file 1). Clustering of par-
ticles according to the composition of water-soluble
metals showed that UFP and PMy;_,5 particles were
more different from each other and from all other par-
ticles than any of the PM,5 ;0 and PM,;, samples
(Additional file 3). Similar clustering according to size
fraction was observed for total metals and non-water-
soluble metals, although clusters were less defined.
Analysis of covariance of water-soluble elements re-
vealed good correlations (>85% covariance) among a
number of sets of elements, including aluminum and
beryllium; chromium, cobalt, molybdenum, and cad-
mium; vanadium, arsenic, lead, and copper; and manga-
nese, zinc, and thallium (Additional file 4).

PAHs were grouped based on their volatility (volatile:
acenaphthene, fluorine, phenanthrene, anthracene; semi-

volatile: fluoranthene, pyrene, retene, benz(a)anthracene,
chrysene; and particle-associated: benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, indeno(123-cd)pyr-
ene, dibenz(a,h)anthracene, benzo(ghi)perylene) and com-
pared across sites and size fractions (Fig. 2). Semi-volatile
and particle-associated PAHs tended to be enriched in the
fine and coarse fractions collected near metal industry
sites in Hamilton (HB), Montreal (MC), and Shawinigan
(SW) compared to petrochemical sites in Sarnia (SR) and
Montreal (MA). Volatile PAHs tended to be enriched in
the coarse and super-coarse fractions across most sites
with the exception of Shawinigan, which displayed the
highest levels of semi-volatile and particle-associated
PAHs in these fractions.

Cytotoxic responses
Particle-induced cytotoxicity was assessed across a range
of doses by measuring resazurin reduction, an indicator
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SR, Sarnia petrochemical refinery; SW, Shawinigan aluminum smelter

of metabolic activity, and LDH release, an indicator of
membrane permeability, in two cell lines: macrophage-
like J774A.1 cells and A549 lung epithelial-like cells
(Additional files 5, 6, 7 and 8, left panels). Particles pro-
duced dose—response relationships across the sites and
size-fractions (SIZE x DOSE interaction, p < 0.05 for all
assays; see figure legends for statistical analyses). Effects
of particles differed across sites, however, as revealed by
significant SITE x SIZE and SITE x DOSE interactions
(p <0.05). In contrast, exposure to extracts of field blank
filters produced minimal response across cell lines and
assays (Additional files 5, 6, 7 and 8, right panels) with
the exception of the LDH response in A549 cells in
which the blank filter extracts produced a small but sig-
nificant dose-related response. In this cell line the UFP
and PMy;_ 5 fractions did not elicit a significantly
greater LDH response than was observed for the corre-
sponding blank filter extracts; however, PM,5_10 and
PM. ;o samples produced a markedly greater response
compared to blank filter extracts.

To reduce complexity and facilitate comparison of the
pattern of effects, cytotoxic potencies according to resa-
zurin reduction and LDH release assays were estimated
using the slope of dose—response relationships observed
for each assay. Potency estimates for both J774A.1 and
A549 cells varied considerably across sites and sizes
(Fig. 3). The pattern of potency estimates in J774A.1
cells was generally consistent for resazurin reduction
and LDH assays (r=0.78, p <0.001). Sarnia particles of
all size fractions exhibited low potency according to both
cytotoxicity assays in J774A.1 cells compared to particles
from other sites (Fig. 3a, b). The ultrafine fraction pro-
duced negligible cytotoxicity in resazurin reduction and
LDH assays, with the exception of Hamilton and Shawi-
nigan UFP which produced modest cytotoxic responses.

For the remaining size fractions, potency estimates were
variable across sites, with the fine (PMy;_»5) or coarse
(PM,5_10) fractions generally more potent than the
super-coarse (PM. ) fraction. Whereas fine, coarse, and
super-coarse particles from Hamilton steel, Montréal
petrochemical, and Montréal copper exhibited signifi-
cant size-dependent contrasts in potency according to
both cytotoxic assays, Sarnia petrochemical and Shawini-
gan aluminum site particles tended to exhibit more simi-
lar potency across size-fractions.

Exposure of A549 cells produced a similar profile of
resazurin reduction (Fig. 3c) to that observed in
J774A.1 cells (r=0.84, p <0.001). In contrast, the pat-
tern of LDH release in A549 cells (Fig. 3d) differed sig-
nificantly from the pattern of resazurin reduction in
the same cells (r=0.23, p = 0.34) and with the LDH re-
sponse in J774A.1 cells (r=0.33, p=0.16), with less
evidence of site-dependent differences and more uni-
form size-dependent effects. For example, whereas
Sarnia particles exhibited little capacity to provoke LDH
release in J774A.1 cells (Fig. 3b), in A549 cells the LDH
profile was similar to that seen for other sites (Fig. 3d). Po-
tency measured by A549 LDH release tended to increase
with particle size (UFP < PMy;_55< PMy5_10< PM_qg).

Cytokine release

The inflammatory potential of particles was assessed by
measuring cytokine levels released by J774A.1 cells into
cell culture media. In contrast to exposures to field
blank filter extracts (Additional file 9), particle exposures
altered cytokine levels in a dose-dependent manner
characterised by clear size- and site-dependent effects
(Fig. 4). For example, IL-6 responded strongly to the
PM, 5_10 and PM.,,, size-fractions, but less so to the fine
PMy;_o5 fraction with the exception of Shawinigan
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Fig. 3 Cytotoxic potency of size-fractionated particles from industrial sites. Cytotoxic potency (3) was estimated using the slope of the dose-effect
relationship from n =3 independent experiments as described in the Methods section. Potency was assessed according to resazurin reduction
and lactate dehydrogenase (LDH) release in J774A.1 macrophage-like cells (a, b) and A549 epithelial-like cells (c, d) respectively. For both assays,
the height of the bar represents the potency, with greater negative numbers in the resazurin reduction assay and greater positive numbers in the
LDH release assay corresponding to increased potency. HB, Hamilton Beach steel mill; MA, Montréal petrochemical refinery; MC, Montréal copper
smelter; SR, Sarnia petrochemical refinery; SW, Shawinigan aluminum smelter

PMg1_o5 (Site x Size x Dose interaction, p=0.002;
Fig. 4a). To facilitate comparison of inflammatory signal-
ing across samples, particle inflammatory potency was
estimated using the slope of the dose—response curve
for each cytokine. Two-way clustering of cytokines and
samples according to potency for the most part sepa-
rated particles by size, with some evidence of clustering
according to site (Fig. 4b). Hamilton and Montréal
petrochemical site PM,5_;o and PM, ;o samples formed
a cluster characterised by strong inflammatory response,
characterised by markedly higher levels of IL-6,
RANTES, MCP-1, IL-1a, and KC. Sarnia and Montréal
copper refinery PM,;, samples also produced a strong
response, and clustered with the urban standard EHC-93
and with Montréal petrochemical site PMg; 5. The
remaining fine PMy;_»5 fractions (Montréal copper
refinery, Hamilton steel, Sarnia petrochemical) clus-
tered together and were generally of lower potency.
The two mineral dusts TiO, and SiO,, included as
standard reference materials, clustered together with
most UFP. TiO, elicited little inflammatory response,
while cytokine release tended to decrease with increas-
ing dose of SiO,. UFP exposure produced a unique
profile of cytokine response compared to other parti-
cles, characterised by decreased IL-10 (Size x Dose
interaction, p < 0.001; Site x Size interaction, p = 0.035)
and RANTES (Site x Size x Dose interaction, p =
0.025), as well as a modest increase of G-CSF (Site x
Size x Dose interaction, p <0.001). In contrast to the

size-dependent effects, three Shawinigan samples
(PMg1_25 PMss5_19, PM.;() elicited a similar inflam-
matory response and clustered together, while Shawi-
nigan UFP tended to decrease cytokine expression to a
greater extent than other sites.

Integrated estimate of potency

Contrasts in particle effects across sites and sizes may be
better visualised by integrating particle potency assessed
by cytotoxicity and inflammatory measures [12]. As
J774A.1 cells appeared to be more sensitive to site-
dependent differences, integrated potency estimates were
generated for responses measured using cytotoxic (resa-
zurin reduction, LDH release) and inflammatory (mean
of all cytokines) responses in these cells. Plotting cyto-
toxic and inflammatory potency for all particles (Fig. 5)
showed that UFP exhibited the lowest cytotoxic and in-
flammatory potency, with the exception of Hamilton
UFP, which exhibited relatively high cytotoxic potency
but little inflammatory potency. All remaining size frac-
tions from Shawinigan clustered together (relatively high
cytotoxic and inflammatory potential), as did fractions
from Sarnia (relatively low cytotoxic and inflammatory
potential). Particles from the two Montréal sites gener-
ally clustered together, with fractions from the petro-
chemical site tending to have slightly higher cytotoxic
and inflammatory potency than the corresponding size
fraction from the copper refinery site across size frac-
tions. In contrast to these groupings, potency estimates
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Hamilton Beach steel mill; MA, Montréal petrochemical refinery; MC, Montréal copper smelter; SR, Sarnia petrochemical refinery; SW, Shawinigan

for particles from Hamilton varied considerably across
size fractions and were distributed around the periphery
of the plot, exhibiting high cytotoxic/low inflammatory
potency (fine PMy;_55), high cytotoxic and inflamma-
tory potency (PMy5_10), or low cytotoxic/high inflamma-
tory potency (PM. ).

Regressions against total metals, PAH, and

endotoxin content

The observation that plotting particle potency according
to average cytotoxic and inflammatory responses grouped
particles of similar composition (e.g., Shawinigan particles)

suggested that composition, in addition to size, is an im-
portant determinant of potency. To explore the link be-
tween particle composition and in vitro response, potency
estimates were regressed against metals (total, water-
soluble, non-water-soluble), PAHs, and endotoxin content.
In J774A.1 cells, metal content within each size fraction
tended to be associated with potency according to both
LDH release and resazurin reduction, but associations dif-
fered according to metal solubility (Fig. 6). Ultrafine parti-
cles exhibited little potency, and associations with metal
content were driven by the response to the Hamilton sam-
ple. For the remaining size fractions, the slope describing
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the association between total metals and potency
tended to decrease with increasing particle size
(Fig. 6a, d), and mirrored the trends observed in the
non-water-soluble fraction (Fig. 6¢, f). In general, the
potency of PMg; 5 particles was more closely
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associated with water-soluble metals (Fig. 6b, e) while
the potency of PM,5_;o was more closely associated
with non-water-soluble metals (Fig. 6¢, f); associations
between PM.;, potency and metals tended to be inde-
pendent of solubility. Association of cytotoxic response
with metals were generally weaker and non-significant in
A549 cells (Additional file 10). Inflammatory potential in
J774A.1 cells was positively correlated with total metals
(r=0.74, p <0.001), non-water-soluble metals (r=0.80,
p <0.001), and negatively correlated with water-soluble
metals (r=-0.67, p=0.001) when data from all size
fractions were included. However, there was little evi-
dence for associations between metals and inflamma-
tory potential when size fractions were assessed
individually (data not shown).

Total PAH content was associated with LDH release
in J774A.1 cells (r=0.52, p =0.045) when all size frac-
tions were included in the analysis. With the exception
of a marginal association between PAHs in the PM.q
fraction and LDH release (r=0.81, p = 0.09), associations
were weak and non-significant when analysed within
each size fraction (Additional file 11). Stratification of
PAHs according to volatility showed that while cytotoxic
responses were not associated with volatile PAH content,
LDH release was associated with super-coarse fraction
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Fig. 6 Association of cytotoxic potency in J774A.1 cells with metal content in size-fractionated particles. Cytotoxic potencies according to lactate
dehydrogenase (LDH) release and resazurin reduction were regressed against total, water-soluble, and non-water-soluble metals. Pearson
product-moment correlation coefficient r-values are presented. LDH release. a Total metals. UFP, r=0.83, p=0.08; PMg ;55 r=0.67, p=0.22;
PM5 5 10, r=0.92, p=0.03; PM.o, r=091, p=0.03. b Water-soluble metals. UFP, r=0.36, p = 0.55; PMq 1_»5, r=0.96, p < 0.01; PM5s 1o, r=0.33,
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semi-volatile PAHs (r=0.92, p=0.03; r=0.46, p=0.09
when including data for all size fractions) and PM-
associated PAHs (r=0.85, p=0.07; r=0.63, p=0.01
when including data for all size fractions). Resazurin
reduction and inflammatory potential were not consist-
ently associated with PAH content (Additional file 11).

Endotoxin was most strongly associated with inflamma-
tory potency (J774A.1, r=0.85, p<0.001) and LDH re-
lease (J774A.1, r=0.55, p = 0.01; A549, r=0.71, p < 0.001),
but not with resazurin reduction (J774A.1, r=0.40,
p =0.08; A549, NS) when all size fractions were eval-
uated together. When size fractions were evaluated
individually, the only significant association was with
inflammatory potency in the PM,5_ 1o fraction (r=
0.94, p =0.02, Additional file 11).

Regressions against specific metals

Given the overall positive correlations between metals
and cytotoxicity endpoints, best subset regressions were
performed on metal composition to identify potential
drivers of toxicity. Analyses were performed on abun-
dant metals (those exceeding 100 pg/g in at least one
particle size/sample) in the water-soluble fraction (Al, V,
Mn, Fe, Ni, Cu, Zn, As, Sr, Cd, Ba, Pb) and non-water-
soluble fraction (Al Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Sr, Sn,
Ba, Pb). UFP were excluded from these analyses as they
did not exhibit strong contrasts in potency across sites.
Potency according to resazurin reduction in J774A.1
cells could be predicted by the linear combination of the
concentration of water-soluble Mn, Fe, Cu, Zn, and Pb
(p=0.0168 + [0.000155 x Mn] - [0.0000178 x Fe] -
[0.0000547 x Cu] — [0.0000156 x Zn] + [0.000246 x Pb];
=090, p<0.05 for all elements). However, water-
soluble Mn alone was sufficient to explain a significant
proportion of the variance in potency (B =0.0235
+[0.0000634 x soluble Mn]; r*=0.75, p <0.001). Resa-
zurin reduction in A549 cells was also most closely asso-
ciated with Mn (B =0.0189 + [0.0000317 x soluble Mn];
r* =047, p=0.005). LDH release in J774A.1 cells was
predicted by a linear combination of water-soluble
manganese and iron (p =0.0684 + [0.000334 x soluble
Mn] - [0.0000676 x soluble Fe]; r*=0.69, Mn p=
0.002, Fe p=0.011), with manganese again being the
best single predictor (f=0.0743 + [0.000122 x soluble
Mn]; r* = 0.26, p = 0.05). No soluble element predicted
LDH release in A549, although there was a significant
inverse relationship with nickel (f=0.198 — [0.000860
x soluble NiJ; r* = 0.81, p < 0.001).

Regressing against non-water-soluble metal levels, resa-
zurin reduction in J774A.1 cells was predicted by a linear
combination of lead, zinc, and strontium (f=0.023
+[0.000145 x Pb] + [0.0000127 x Zn] — [0.0000799 x Sr];
r*=0.90, Pb p <0.001, Zn p =0.013, Sr p <0.001), which
could be simplified to lead alone (5 = 0.0176 + [0.000155 x
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Pb]; r* =0.571, p=0.001). In A549 cells, resazurin reduc-
tion was predicted by the concentration of non-water-
soluble lead, iron, and strontium (f =0.0192 + 0.0000696
x Pb] + [0.000000322 x Fe] — [0.0000548 x Sr]; r*=0.73,
Pb p =0.006, Fe p =0.055, Sr p = 0.002). Lactate dehydro-
genase release in J774A.1 cells was predicted by a linear
combination of non-water-soluble lead, zinc, and alumin-
ium (B =-0.0151 x [0.000381 x Pb] + [0.0000526 x Zn]
+[0.00000158 x Al], r* = 0.698, Pb p=0.008, Zn p = 0.040,
Al p=0.012], and in A549 cells by non-water-soluble ti-
tanium and tin ( = 0.146 + [0.0000647 x Ti] — [0.00119 x
Snl; r* = 0.60, Ti p = 0.004, Sn p = 0.022].

Discussion

Industrial emissions are important contributors to par-
ticulate air pollution levels, and may contribute to geo-
graphical disparities in the health impacts of particulate
matter identified in epidemiological studies [3, 6, 7].
There has, however, been little direct comparison of the
toxicity of particles from multiple industrial sources. In
the present study, particles collected in the vicinity of in-
dustrial sources were compared across size fractions on
an equal mass basis, across a range of doses, in two cell
lines, using a panel of cytotoxic and inflammatory assays
to characterise the profile of response. Our results dem-
onstrate that particles collected near distinct industrial
sites display strong contrasts in composition and in vitro
toxicity, substantiating the hypothesis that industrial
sources differentially impact the toxicity of airborne par-
ticulate matter.

The distinct composition of particles collected in the
vicinity of industrial sites, notably with respect to metals,
suggests that emissions from dominant local sources
were enriched in our samples collected over a period of
weeks, as expected. All size-fractions displayed differ-
ences in the total concentration of metals, but the extent
to which constituent metals varied depended on the
size-fraction. Metal composition of coarse (PM,5_1¢)
and super-coarse (PM,,) fractions was similar across
sites, consisting mostly of the common crustal ele-
ments aluminium and iron. In contrast, UFP and fine
(PMy.1_25) particles exhibited considerable variability
across sites generally consistent with significant im-
pact of the local sources targeted by our sampling
(e.g., elevated zinc, manganese and arsenic near the
Hamilton steel mills; elevated copper, arsenic, and lead
near the Montréal copper refinery; elevated aluminum
near the Shawinigan aluminium smelter; [31, 32]).
Relatively high levels of copper were also detected at
the Montréal petrochemical site, itself downwind of
the copper refinery, illustrating how multiple sources
can contribute to the composition of particles col-
lected at a given site, particularly in a complex loca-
tion like East Montréal. Contrasts were especially
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evident in the water-soluble fraction, which repre-
sented a significant proportion of total metals in ultra-
fine and fine particles (45 + 13% and 70 + 17% average
water-solubility respectively compared to 2—-3% aver-
age water-solubility of metals in the coarse fractions).
While most sites displayed considerable variability in
composition across size ranges, size-fractionated parti-
cles in Shawinigan were remarkably similar, with alu-
minium being the dominant metal in all samples.
Importantly, the data show that differences in metal
composition were most prominent in the water-
soluble fraction of ultrafine and fine particles, suggest-
ing that industrial emissions can significantly impact
levels of bioavailable elements in respirable particles.
Semi-volatile and particle-associated PAHs appeared
to be enriched in either or both of the fine and coarse
particle fractions collected near metal industry sites in
Hamilton (HB), Montréal (MC), and Shawinigan (SW)
compared to petrochemical industry sites in Montréal
(MA) and Sarnia (SR), suggesting inter-site differences
in the organic fraction. The presence of volatile PAHs
in the coarse and super-coarse fractions may represent
absorption onto the collection substrate rather than
particle composition [33], as a significant fraction will
be in the gas-phase. Collectively, the data confirm that
our sampling strategy resulted in the collection of par-
ticles of distinct composition related to specific source
emissions.

The clear inter-site variability in particle composition
provided a basis for examining to what extent source-
dependent differences in particle composition altered
the potency of particles in biological models. While a
number of studies have compared the potency of ambi-
ent particles collected in different sites, including urban
vs. rural [11] and residential vs. traffic vs. industrial [10,
12], there has been little direct comparison of the tox-
icity of particles collected at multiple industrial sites.
Several key observations were made in the present study.
First, particles collected in the vicinity of industrial sites
displayed striking differences in overall potency. For ex-
ample, particles collected near Hamilton steel industry
tended to be among the most potent across size frac-
tions, whereas particles collected near Sarnia petrochem-
ical industry were among the least potent. Second,
particle potency appeared to be a function of both par-
ticle size and particle composition. Whereas samples
from Hamilton steel, Montréal petrochemical, and Mon-
tréal copper sites exhibited contrasting composition and
potency across size fractions within each site, particles
collected in the vicinity of the Shawinigan aluminium re-
finery that were very similar in composition (predomin-
antly aluminium) tended to exhibit similar potency
across size-fractions. Third, the cytotoxic and inflamma-
tory potential of particle samples was associated with the
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levels of specific constituents (metals, PAHs, endotoxin).
Fourth, effects differed across cell lines and assays, sug-
gesting differential responsiveness to particle constitu-
ents. The contrasting effects of particles compared on
an equal mass basis is consistent with the hypothesis
that particles collected in the vicinity of distinct sources
will exhibit a range of cytotoxic and inflammatory po-
tencies. Collectively, these observations suggest that par-
ticle potency is influenced both by particle size and
composition, with biological responses being a function
of particle properties and cell characteristics.

While coarse particles generally represent a significant
proportion of total particle mass, they are less efficiently
deposited in the alveolar regions of the lungs and may
contain less bioavailable metal content. In contrast,
smaller particles may be present in greater number, have
a greater reactive surface:volume ratio per unit mass,
and tend to contain a greater concentration of soluble
metals, characteristics that may increase their potency
in vivo. Despite these differences between fine and
coarse particles, the coarse fraction of ambient particles
can exert relatively high cytotoxic and inflammatory ef-
fects in cell culture models or when instilled into the
lungs of experimental animals compared to ultrafine and
fine particles [12, 17, 19, 34-36]. We observed size-
dependent effects on both cytotoxicity and inflammatory
potential in our cell culture models: fine and coarse par-
ticles tended to be more cytotoxic, whereas coarse and
super-coarse particles tended to be more inflammogenic.
The cell culture models and assays employed in the
present study were less sensitive to UFP than to larger
size fractions in terms of the magnitude of response.
There are several explanations beyond lower inherent
potency of the UFP, including reduced particle-cell inter-
action resulting from size-dependent differences in
phagocytosis by macrophages [37] or differences in par-
ticle settling rate that impact the effective dose and tim-
ing of effects. However, the effects of UFP on cytokine
release confirms that these particles, while not acutely
cytotoxic in the present model according to the resa-
zurin reduction and LDH release assays, did impact bio-
logical function, and were therefore neither inert nor
invisible to the cells.

The significant variability in response across industrial
sites within each size fraction indicated that the cell cul-
ture models and assays employed were sensitive to par-
ticle characteristics other than particle size. Considerable
attention has been directed towards elucidating determi-
nants of particle potency, including investigation of the
role of metals, PAHs, and endotoxin [35, 38]. Total
metal content was associated with cytotoxic potency,
and to a lesser extent inflammatory potency, while PAHs
and endotoxin were associated with cytotoxicity and in-
flammatory potency respectively primarily in the coarse
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fractions. These results are, in a broad sense, consist-
ent with previous observations by ourselves and others
[9, 12, 19, 39]. Despite representing only a fraction of
total particle mass, trace metal concentrations ex-
plained a significant proportion of the variance in
cytotoxic potency. For example, Sarnia particles,
which had the lowest metal content across size-
fractions, also displayed the lowest cytotoxic potency,
whereas the high metal content in the fine fraction of
Hamilton, Montréal, and Shawinigan sites was associ-
ated with higher toxicity. These results, reflecting
strong contrasts in particle composition as a result of
sampling in the vicinity of important industrial point
sources, are in line with a body of work linking trace
metals with particle toxicity through in vitro, in vivo,
and population studies [38]. Endotoxin levels were
significantly higher in the coarse and super-coarse
fractions, and likely account for a portion of the in-
flammatory and cytotoxic effects, consistent with
other studies [9, 19]. While PAHs were not strongly
linked to the biological indices evaluated here beyond
correlations with LDH release in the super-coarse
fraction, they may nevertheless contribute to the over-
all cytotoxic and inflammatory potency of fine and
coarse particles [19, 36, 40].

There is considerable evidence that soluble metal con-
tent is an important determinant of pulmonary and sys-
temic impacts of urban and combustion emission
particles [13, 14, 16]. However, insoluble metals have
also been linked to biological reactivity [18, 41], and ef-
fects of this fraction warrant attention given the relative
abundance of insoluble metals. As significant associa-
tions were found for both water-soluble (fine fraction)
and non-water-soluble metals (coarse fractions), it was
not possible to unambiguously attribute effects to
water-soluble or non-water-soluble metals. The slope of
the relationship between non-water-soluble metals and
potency appeared to decrease with increasing particle
size, suggesting an interaction between physical and
chemical characteristics of the particles. This could
possibly reflect the actual effective internal dose experi-
enced by cell (i.e., due to differential intake of material
[42]), or interactions of independent physical and
chemical effects associated with particle size. On the
other hand, the concentration of active agents may vary
with particle size: as particle size increases, crustal ele-
ments of lower solubility predominate and metals de-
rived from anthropogenic sources are less abundant.
Particle size likely influences both how cells experience
metals (as a result of surface and endocytic interac-
tions), as well as the nature of the metals to which cells
are exposed (due to differences in particle composition
and metal solubility), which may explain apparent
changes in the potency of metals across size fractions.
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Given that the size-dependency of the effects could be
due to differential distribution of a toxicity determinant
across size fractions, we performed a series of regression
analyses to evaluate whether specific metals better ex-
plained the variance in particle potency. A number of
models were generated that contained a variety of
metals, with soluble manganese emerging as the factor
most closely associated with cytotoxicity across size frac-
tions, particularly with respect to resazurin reduction.
Soluble manganese covaried closely with zinc and other
metals across sites, and could be a surrogate for other
elements, and so caution should be applied in attributing
effects to any one element. Nevertheless, these associa-
tions are in a broad sense consistent with the overall
coherence among in vitro, in vivo, and population stud-
ies implicating soluble transition metals in adverse
health effects of ambient particles [14, 38, 40, 43]. While
manganese is an essential element and deficiency is asso-
ciated with adverse health impacts, chronic inhalation of
manganese is neurotoxic, associated with both cognitive
and motor deficits, and may have cardiovascular impacts
[44]. Manganese chloride has been shown to inhibit cell
proliferation and induce apoptosis in A549 cells [45],
demonstrating in vitro toxicity. The acute toxicity result-
ing from intratracheal instillation of the urban particle
standard EHC-93 was reproduced by administration of
soluble zinc, implicating zinc in the toxicity of ambient
particulate matter [13]. Consistent with a role for soluble
zinc in mediating cytotoxic effects of particle exposure,
the in vitro cytotoxicity of zinc oxide nanoparticles ap-
pears to be at least partly due to levels of free zinc ions
[46]. Thus, while associations made on the basis of a
small number of samples should be interpreted with
caution, the associations appear consistent with the
established toxicity of soluble transition metals. It is im-
portant to note that the relatively high concentrations of
transition metals in UFP compared to other size frac-
tions did not correlate well with cytotoxicity, suggesting
that soluble metal content alone does not explain the
toxicity of the particles. The failure to find specific metal
drivers of LDH release across size fractions may relate to
a greater sensitivity of this assay to particle characteris-
tics or constituents (e.g., endotoxin) that co-vary with
size, as LDH release correlated reasonably well with
metals when analysed within each size fraction.

The J774A.1 macrophage-like and A549 epithelial-like
cell lines displayed certain differences in their responses
to particle size and constituents according to the cyto-
toxicity assays (resazurin reduction, LDH release)
employed. ]J774A.1 cells appeared to be sensitive to
metal composition in addition to particle size, and al-
though not statistically significant in all comparisons,
the relationship appeared to hold across particle sizes. In
contrast, A549 cells appeared to be more sensitive to
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particle size than to particle composition. This was par-
ticularly evident in the similar size-dependent effects of
particles on A549 LDH release across sampling sites.
These differences between cell lines are consistent
with our previous observations using these models
[12], and with other comparisons across cell lines [47].
Macrophage-like J774A.1 cells are capable of phagocy-
tising particles at a high rate and thus possibly experi-
ence a greater internal dose of metals than A549 cells,
which may explain their apparently higher sensitivity
to differences in metal composition. It is noteworthy
that had we employed only A549 cells, commonly used
to assess particle toxicity, and LDH release, an estab-
lished cytotoxicity assay, we would have likely con-
cluded that there was little evidence of differences in
the toxic potency of particles collected in the vicinity
of industrial sites. Our findings reinforce the import-
ance of using multiple cell lines and assays to assess
particle toxicity, as different cells and assays may be
sensitive to distinct particle characteristics [12].

The primary objective of the present work was to
evaluate to what extent particles collected in the vicinity
of different industrial sources exhibit contrasts in com-
position and potency. Strengths of the present study in-
clude direct comparison of size-fractionated particles
with contrasting chemical composition across a range of
doses, employment of two cell lines, and assessment of
toxic potency using a panel of cytotoxic and inflamma-
tory assays. However, certain factors should be consid-
ered when interpreting results. While samples were
collected as close as possible to each industrial site,
some differences between the locations could be due to
seasonal influences. For example, the amount and com-
position of regionally-transported particles is seasonally
dependent, and their variable influence could add noise
to the analysis of differential biological responses as has
been shown previously [48, 49]. A limitation common to
this type of toxicological analysis of environmental sam-
ples is that the extracted material will likely differ from
the ambient aerosols at the time of sampling. The aque-
ous extraction of particles, while reasonably efficient at
extracting mass from polyurethane foam and less effi-
cient from polypropylene filters, likely modified the
composition of the extracted materials compared to the
composition of total particulates suspended in the air at
the five sampling sites we studied. Poor extraction of
non-polar organic constituents may explain the contrast
in PAH composition measured in the present work com-
pared with analyses performed using solvent- and acid-
based extractions on other urban ambient particles (e.g.,
[12]). It is also likely that a proportion of volatile and
semi-volatile PAHs were lost during the extraction
process. In addition, some of the semi-volatile PAHs
measured may have been due to the capture of gas phase
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compounds by the PUF material as opposed to originat-
ing on particles [33]. Accordingly, while performing
chemical and toxicological analyses on the same ex-
tracted material facilitated the association of particle
constituents to biological effects, it is clear that the
chemical profile of extracted particles to which cells
were exposed may differ from that inhaled from ambi-
ent air. Nevertheless, the metal composition of the par-
ticles is consistent with expected enrichment of source
emissions, and the higher PAH levels measured at the
Shawinigan site is consistent with aluminium smelters
being a significant anthropogenic source of PAHs re-
leased to the atmosphere. The cytotoxic and inflamma-
tory indices assessed here were selected to represent
distal endpoints that integrate the cellular response as a
whole to multiple physical and chemical stressors.
While measurement of biological effects at a single
time point allowed comparison across sites and particle
sizes, the pattern of effects may differ at other time
points (e.g., due to differential kinetics of response of
individual cytokines). Assays that target specific particle
components or enable assessment of the activation of
specific biological pathways may identify other expos-
ure and mechanistic signatures [8, 28].

Conclusions

This study confirms that local industrial sources are im-
portant producers of particulate constituents that differen-
tially impact biological function and that differ depending
on industrial processes. Validation of these findings using
multiple complementary assays, manipulation of particle
constituents, and blockade of biological pathways should
help verify the relative importance of identified factors in
driving such effects. Attribution of toxic potency to spe-
cific particle constituents will provide critical data for
identification of priority sources for regulatory action.
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fractionated and standard reference particles (left side) and extracts from
corresponding field blank filters that were transported to each site but
remained unexposed to ambient air (right side). Values are presented as
average fold-effect (FE) over control + standard error (n = 3 independent
experiments). HB, Hamilton Beach steel mill; MA, Montréal petrochemical
refinery; MC, Montréal copper smelter; SR, Sarnia petrochemical refinery;
SW, Shawinigan aluminum smelter. Size-fractionated and standard
reference particles. Three-way ANOVA (Size-fractionated particles):
Site x Dose (p=0.002) and Size x Dose (p < 0.001) interactions. Asterisks
represent significant pairwise comparisons (Holm-Sidak) as follows:
doses within Site significantly different from 0 ug/cm?, or sites within
Size significantly different from one another as indicated by brackets
(*p < 0.05, **p < 0.001). Letters (a-e) represent sizes within Site significantly
different from one another (p < 0.05). Two-way ANOVA (Standards): Particle
(p < 0.001) and Dose (p < 0.001) main effects. Asterisks represent significant
pairwise comparisons (Holm-Sidak) as follows: doses significantly different
from 0 ug/cm?, or particles significantly different from one another as
indicated by brackets (*p < 0.05, **p < 0.001). Field blanks. Three-way
ANOVA: Site x Size (p = 0.05) interaction. No significant pairwise comparisons
(Holm-Sidak) were observed. (PDF 52 kb)

Additional file 6: Cytotoxic responses of J774A.1 cells to 24 h exposure
to size-fractionated particulate matter collected in the vicinity of industrial
sites according to the LDH release assay. Lactate dehydrogenase (LDH)
release into cell culture supernatants of J774A.1 cells exposed for 24 h to
size-fractionated and standard reference particles (left-side) and extracts
from corresponding field blank filters that were transported to each site
but remained unexposed to ambient air (right side). Data represent LDH
release adjusted for total cellular LDH content. Values are presented as
average fold-effect (FE) over control + standard error (n = 3 independent
experiments). HB, Hamilton Beach steel mill; MA, Montréal AIEM
petrochemical refinery; MC, Montréal copper smelter; SR, Sarnia
petrochemical refinery; SW, Shawinigan aluminum smelter. Size-
fractionated and standard reference particles. Three-way ANOVA
(Size-fractionated particles): Site x Dose (p < 0.001) and Size x Dose

(p < 0.001) interactions. Asterisks represent significant pairwise comparisons
(Holm-Sidak) as follows: doses within Size significantly different from 0 pg/
cm?’ (*p < 0.05, **p < 0.001). Letters (a-g) represent doses within Site
significantly different from 0 pg/cm? (p < 0.05). Bars with the same
symbol (#@_&A,5) indicate sites within Dose that are significantly different
from one another (p < 0.05). Two-way ANOVA (Standards): Particle (p < 0.001)
and Dose (p < 0.001) main effects. Asterisks represent significant pairwise
comparisons (Holm-Sidak) as follows: doses significantly different from
0 ug/cm?, or particles significantly different from one another as indicated
by brackets (*p < 0.05, **p < 0.001). Field blanks. Three way ANOVA: Size x
Dose (p=0.021) interaction. Asterisks represent doses within Size significantly
different from 0 ug/cm2 (*p < 0.05). Letters (a-c) represent sizes within Dose
significantly different from one another (p < 0.05). (PDF 55 kb)

Additional file 7: Cytotoxic responses of A549 cells to 24 h exposure to
size-fractionated particulate matter collected in the vicinity of industrial
sites according to the resazurin reduction assay. Metabolic reduction of
non-fluorescent resazurin in A549 cells exposed for 24 h to size-
fractionated and standard reference particles (left-side) and extracts from
corresponding field blank filters that were transported to each site but
remained unexposed to ambient air (right-side). Values are presented as
average fold-effect (FE) over control + standard error (n =3 independent
experiments). HB, Hamilton Beach steel mill; MA, Montréal AIEM
petrochemical refinery; MC, Montréal copper smelter; SR, Sarnia
petrochemical refinery; SW, Shawinigan aluminum smelter. Size-
fractionated and standard reference particles. Three-way ANOVA
(Size-fractionated particles): Site x Size (p < 0.001) and Size x Dose
(p=0.019) interactions. Asterisks represent significant pairwise
comparisons (Holm-Sidak) as follows: doses within Site significantly
different from 0 pg/cm? or sites within Size significantly different
from one another as indicated by brackets (*p <0.05, **p <0.001).
Letters (a-h) represent sizes within Site significantly different from
one another (p < 0.05). Two-way ANOVA (Standards): Particle x Dose
interaction (p =0.012). Asterisks represent significant pairwise comparisons
(Holm-Sidak) as follows: doses within Particles significantly different from

0 ug/cmZ (*p < 0.001). Letters (ab) represent sites within Dose significantly
different from one another (p < 0.5). Field blanks. Three-way ANOVA: Site x

Size (p < 0.001) interaction. Asterisks represent significant pairwise
comparisons (Holm-Sidak) as follows: sites within Size significantly
different from one another as indicated by brackets (*p < 0.05, **p < 0.001).
Letters (a-e) represent sizes within Site significantly different from one
another (p < 0.05). (PDF 54 kb)

Additional file 8: Cytotoxic responses of A549 cells to 24 h exposure to
size-fractionated particulate matter collected in the vicinity of industrial
sites according to the LDH release assay. Lactate dehydrogenase (LDH)
release into cell culture supernatants of A549 cells exposed for 24 h to
size-fractionated and standard reference particles (left-side) and extracts
from corresponding field blank filters that were transported to each site
but remained unexposed to ambient air (right side). Data represent LDH
release, adjusted for total cellular LDH content. Values are presented as
average fold-effect (FE) over control + standard error (n = 3). HB, Hamilton
Beach steel mill; MA, Montréal AIEM petrochemical refinery; MC, Montréal
copper smelter; SR, Sarnia petrochemical refinery; SW, Shawinigan
aluminum smelter. Size-fractionated and standard reference particles.
Three-way ANOVA (Size-fractionated particles): Site x Size (p = 0.002) and
Size x Dose (p = 0.018) interactions. Asterisks represent significant pairwise
comparisons (Holm-Sidak) as follows: doses within Size significantly
different from 0 pg/cm?, or sites within Size significantly different
from one another as indicated by brackets (*p < 0.05, **p < 0.001).
Letters (a-n) represent sizes within Site significantly different from one
another (p < 0.05). Two-way ANOVA (Standards): Particle (p = 0.002)
and Dose (p < 0.001) main effects. Asterisks represent significant pairwise com-
parisons (Holm-Sidak) as follows: doses significantly different from 0 pg/cmz,
or particles significantly different from one another as indicated by brackets
(*p < 0.05, **p < 0.001). Field blanks. Three-way ANOVA: Dose (p < 0.001) main
effect. Letter (a) spanned by a line represents doses significantly different from
0 ug/cm? (p < 0.001). (PDF 55 kb)

Additional file 9: Inflammatory response to field blank filter extracts.
Hierarchical clustering of particles according to cytokine response in
J774A.1 cells exposed to field blank filter extracts. The heat map displays
particle potency estimates determined for each cytokine from the slope
of the dose-effect relationship. Red, increased expression; green, decreased
expression. bHB, field blank from Hamilton Beach steel mill; bMA, field blank
from Montréal petrochemical refinery; MC, field blank from Montréal copper
smelter; SR, field blank from Sarnia petrochemical refinery; SW, field blank
from Shawinigan aluminum smelter. (PDF 84 kb)

Additional file 10: Association of biological effects in A549 cells with
metal content in size-fractionated particles. Cytotoxic potencies according
to lactate dehydrogenase (LDH) release and resazurin reduction were
regressed against total, water-soluble, and non-water-soluble metals.
Pearson product-moment correlation coefficient r-values are presented.
LDH release. A) Total metals. UFP, r=0.77, p=0.13; PMg;_55, r=—0.55,
p=0.34; PM5s 10, r=032, p=060; PM. o, r=—-0.68, p=0.21. B) Water-
soluble metals. UFP, r=051, p=0.38; PMg; 55, r=—-0.64, p = 0.25; PM35_10,
r=-035,p=057, PM. o, r=-0.68, p=0.20. C) Non-water-soluble metals.
UFP, r=075, p=0.14; PMo1_s5, r=—046, p=043; PMys_10, r =036, p=055;
PM. 1o, r=-068, p=021. Resazurin reduction. D) UFP, r=-0.19, p = 0.76;
PMo.1_ss, 1 =—0.63, p=0.26; PMys_, r=—060, p = 0.28; PM. 0, = 0.18,
p = 0.78. Water-soluble metals. UFP, r=—-020, p=0.74; PMy; »s5, r=—041,

p =049, PMys_10, r=—-009, p=088; PM. o, r=0.04, p = 0.95. Non-water-
soluble metals. UFP, r=—0.12, p = 0.84; PMg 1 55, r=—065, p=0.24; PM,5 10,
r=-062, p=026;, PM. o, r=0.18, p=0.77. (PDF 43 kb)

Additional file 11: Regressions of biological potency against total
metals, water-soluble metals, non-water-soluble metals, endotoxin, and
PAHs. Table of Pearson correlations and p-values. (PDF 71 kb)
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