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cells (A549) with measurement of the relative downstream
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Abstract

The characterization of particulate matter suspended in the troposphere (PM ;) based on size is an important basis for assessing the extent of their
adverse effects on human health. The relevance of such assessments is anticipated to be significantly improved through the continued development
of tools that can identify the chemical components within individual ambient particles, and the injury that they cause. We use recently reported
methodology to create mimics of ambient particle types of known size and chemical composition that are levitated within an ac trap. The ac trap uses
electric fields to levitate the particles that have a given mass and net elementary charge, and as such the ac trap is a mass-to-charge filter. The ac trap
was used to levitate populations of particles where the size of particles in any given population could be altered. The levitated particles are delivered
direct from the ac trap to human lung cells (A549), in vitro, with downstream measurement of differential expression of intercellular adhesion
molecule (ICAM)-1 and counting of the number of particles actually delivered to the culture using an optical microscope. In this study, the chemical
composition of the ambient particle mimics was restricted to inorganic compounds whose relative abundance was purposely designed to mimic the
average abundance in Environmental Health Center-93 (EHC-93) particles. The sizes of the multilelement particle types prepared were 6.8 & 0.5,
3.8+0.3, 2.6 +0.2 (mean £ S.D.). Particles of either elemental carbon, or elemental carbon containing glycerol were used as control particle
types. In any given experiment, a known number of particles, but always <100, of a given size, were deposited onto a small region of an A549 cell
culture. Following an 18-h incubation period and anti-body labeling of ICAM-1, the fluorescence emission from a 1.07 mm? area of the cell culture
centered at the site of particle deposition was acquired. The relative differential expression of ICAM-1 was greatest for multielement particle types
having diameters of 2.6 = 0.2 um for which as few as ~15 particles deposited onto the culture resulted in maximal ICAM-1 expression, whereas
with multielement particle types having diameters of 6.8 &£ 0.5 wm, it was necessary to deposit >50 particles in order to effect comparable ICAM-1
expression. This data set indicates that for multi-element particle types comprised of the same mole fraction of inorganic compounds and of sizes
within the course fraction of PM, the 2.6 um particle type was the most potent with respect to effecting differential expression of ICAM-1.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction [1-5]. It is speculated that inflammation, ranging in severity
between localized within lung tissue to systemic is the biological

Epidemiological studies positively correlate ambient particle connection linking ambient particle exposure to the pathogenesis
concentrations to increased frequency of hospital admissions of respiratory and cardiovascular diseases [6—12]. Regulations
specify exposure limits to particulate matter with aerodynamic

diameters less than 10 wm (PMjg) and 2.5 pm (PM3 5), respec-
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strategies are predicted to yield substantial returns with respect
to reduced health care cost.

While it is understood from aerodynamic modeling studies
that fine fraction ambient particles (PM; 5) penetrate deep into
the alveolar region of the respiratory tract, and coarse fraction
ambient particles (PMj 5—PMjg) tend to be most important for
the upper region of the airway [16], it is not yet well charac-
terized what actual particle chemical composition causes the
most injury [17-20]. Further complicating this issue is that the
chemical compositions of various size fractions vary based on
source, tropospheric processing, and season [21]. This has been
an impetus for developing tools to characterize the chemical
composition of individual ambient particles. The challenges in
contributing new knowledge in this area are formidable, as evi-
denced by the number of studies that report different conclusions
regarding a single known component of ambient particle types,
such as endotoxin from gram-negative bacteria [22—24].

Prior studies performed by other investigators have used par-
ticle models, including polystyrene beads, titanium dioxide, and
carbon black to mimic various particulate matter size fractions
[25,26]. However, the chemical composition of such models of
ambient particles might not be relevant mimics of actual ambi-
ent particles. In contrast, other toxicology studies have used
actual ambient particles collected from the troposphere [27]. A
chemically well characterized sample of ambient particles, now
referred to as Environmental Health Center-93 (EHC-93), is an
example of a heterogeneous population of particles being used
in toxicology studies in which the whole particle, and its soluble
and insoluble fractions have been characterized [28-30]. EHC-
93 is comprised of metals, inorganic compounds, and organic
compounds [31,32] with 99% of its size fraction being <3 wm
[33]. Studies involving EHC-93 report the mass of particles
introduced to a cell culture, but not the actual size and number
of particles interacting with any given cell. Also, the chemi-
cal composition of the individual particles in EHC-93 are not
characterized, so it is difficult to extrapolate from those stud-
ies what individual particle compositions are most significant
with respect to their role in causing tissue inflammation. Such
information could be important with respect to effecting ratio-
nal strategies to reduce emissions of the specific compounds
identified as being most significant in particulate air pollution.
With respect to addressing these issues of particle chemistry, we
have reported a laboratory apparatus that enables the design of
multi-component particles that mimic those found, or speculated
to exist in the troposphere, and deposit those particles directly
onto human lung cells, in vitro.

Ambient particles of different sizes are likely to have differ-
ent chemical composition, but within the same size fraction, it
is probable that there are particle types having similar composi-
tion. To learn of the extent of the relative injury reported by a cell
culture in response to incubation with different sizes of a given
particle type, we chose to prepare particles having a chemical
composition similar to the bulk, or average, inorganic compo-
sition of EHC-93. The relative injury reported by cells in these
experiments was quantified based on the differential expression
of the pro-inflammatory membrane glycoprotein intercellular
adhesion molecule (ICAM)-1.

The clearance of inhaled particles from the respiratory sys-
tem has been shown to be mediated by the respiratory epithe-
lium whose action constitutes one of the body’s inflammatory
responses [34]. Recent studies have shown this inflammatory
mechanism involves the recruitment and migration of leuko-
cytes, mainly neutrophils, through the endothelium to the site
of inflammation [35]. The leukocyte recruitment and migra-
tion requires the surface expression of an adhesive glycoprotein
(ICAM)-1, which interacts with CD18/B;-integrin-containing
receptors on neutrophils [36,37].

2. Materials and methods
2.1. Starting solutions

Each of the particle types created and used consisted of the
dissolved solids, and elemental carbon nanoparticles, that had
been introduced to each of the starting solutions used.

The procedure for the preparation of a multielement starting
solution first required the preparation of single component stock
solutions using reagent grade compounds. Aliquots from the
single component stock solutions were combined to yield what
is referred to as the multielement starting solution (Table 1).
The amount of elemental carbon in EHC-93 is not reported in
the literature [31,32], however, previous studies have indicated
that elemental carbon generally constitutes approximately 10%
by mass of particulate matter [38,39]. That result was used to
establish the mass of elemental carbon nanoparticles in Indian
ink added to the multi-element starting solution. To this solu-
tion, Indian ink (Speedball, Product no. 3328, Statesville, NC,
USA) was added as the source of elemental carbon nanopar-
ticles. Three millilitres of India Ink, corresponding to ~0.45 g
elemental carbon nanoparticles, was added to 6.50 mL of multi-
element solution. The elemental carbon nanoparticles facilitated
visualization and counting of the multielement particle type
deposited onto each cell culture following immunocytochem-
istry assay. Serial dilution of the multielement starting solution

Table 1
The concentrations of inorganic compounds in the multielement starting solution
from which multielement particle types were prepared

Inorganic Compound Concentration (mol/L)

CaSOy 6.5x 1073
BaSO4 3.7x 1077
SrSO4 3.6x 1074
Cr2(S04)3-H,0 1.5x 107
3CdS0O4-8H,0 3.6x107°
CuS04-5H,0 24x1073
VOSO04-2H,0 33x107*
Nay SOy 1.7 % 107!
MgS0y4-7H,0 5.4 x 1072
Aly(SO4)3-18H,0 6.7 x 1072
FeSO4-7H,0 49 %1072
CoS04-7H,0 1.6x 107
Zn(NO;3),-6H,0 2.9 x 1072
Ni(NO3),-6H,0 22x107*
Mn(NO3), 1.6 x 1073
PbCl, 2.1x107°
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to which elemental carbon nanoparticles had been added was
performed as indicated in preparing other multielement solu-
tions having lower ionic strength.

A different set of three starting solutions consisted of India
Ink in distilled deionized water were prepared with 1 pL India
Ink in 10 pL water, 1 pL India Ink in 400 pL water, and 1 pL
India Ink in 2.42 mL water. The particles prepared using these
starting solutions are referred to as elemental carbon particle
types, but note that these particle types differ in chemical com-
position relative to soots released in the exhaust of high temper-
ature combustion sources. Another starting solution consisted
of glycerol:water at 5:95 (v/v) with 3.0 mL of India Ink, corre-
sponding to ~0.45 g elemental carbon nanoparticles, in 6.50 mL
water.

2.2. Cell culture

A549 human lung epithelial cell line (American type cul-
ture collection, Manassas, VA, USA), derived originally from
lung tissue of a male tumor patient, has the characteristics of
type-II alveolar cells of the human pulmonary epithelium [40].
This cell line has been used extensively in studies of particulate
matter-induced responses via ICAM-1 expression [41]. Cells
were seeded at a density of 2 x 10° cells per well in six-well
culture plates containing minimum essential medium (MEM),
supplemented with 10% heat inactivated fetal bovine serum
(FBS), 1% vL-glutamine, and 1% MEM vitamin solution. Cells
were grown to >95% confluency at 37 °C, in an atmosphere con-
taining 5% CO; and 100% relative humidity.

Cell cultures that served as positive controls contained 2 mL
of growth medium to which 10 L of 1 mg/mL of tumor necrosis
factor alpha (TNF)-a (Sigma—Aldrich, T6674-10UG, Oakvillle,
Ont., Canada) in water was added [42,43]. Cell cultures that
served as negative controls were bathed in growth medium only.

2.3. Droplet dispensing

Each particulate mimic was derived from a monodisperse
droplet dispensed from a droplet dispenser loaded with a start-
ing solution. The dispensed droplets were trapped in an ac trap
and levitated while the volatile solvent evaporated causing the
dissolved solids to precipitate [44,45].

To prepare particles of varying sizes, 0.5 mL aliquots of the
multielement starting solution were taken and diluted with 7.5,
12.5, and 25.0 mL of distilled deionized water, to generate sec-
ondary multielement solutions that had ionic strengths of 0.103,
0.092 and 0.045 M respectively.

The levitation chamber that housed the ac trap was placed in a
biological safety cabinet (Nuaire Inc., Model Nu-425-600, Ply-
mouth, MN, USA). A schematic diagram of the ac trap with the
major components indicated is shown in Fig. 1A. The internal
reservoir of the 60 wm-diameter droplet dispenser (MicroFab
Technologies Inc., MJ-AB-01-60, Plano, TX, USA) was filled
with an aliquot of a starting solution using a 10 nL pipette. To
dispense a droplet, the waveform generator for the droplet dis-
penser was programmed to dispense a set number of droplets at
a set frequency. The electrical pulses from this waveform gen-
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Fig. 1. A representation of the levitation apparatus used in the creation and
deposition of particles onto two different surfaces. (A) Schematic diagram of
the ac trap with the major components indicated by the labels. A 10 nL aliquot
of a multielement starting solution is used to load the internal reservoir of the
droplet dispenser. (B) Dispensing of a droplet. (C) Levitation of a population of
droplets while the volatile solvents present in the starting solution evaporate. (D)
Levitation of the resultant particles formed by the precipitation of the dissolved
solids present in the starting solution. (E) Particle deposition onto glass slide
for size characterization using optical microscopy. (F) Particle deposited onto a
A549 cell culture. Diagram is not to scale.

erator were used to actuate a cylindrical piezoceramic element
bonded to the outside of the droplet dispenser reservoir and cause
a small volume of liquid to be ejected from the dispenser noz-
zle as a jet. Care was exercised to ensure monodisperse droplet
dispensing.

A dc potential applied to an induction electrode positioned
2 mm below the droplet dispenser nozzle caused charge imbal-
ance within the liquid jet. The momentum of the jet caused it to
separate and collapse to form a droplet, and the charge imbalance
in the jet resulted in each droplet having a net charge (Fig. 1B).
Droplets were dispensed downwards into the ac trap that was
used to levitate the droplets.

2.4. Particle levitation in an ac trap and measurement of
particle diameter

The ac trap used is an imperfect electrodynamic balance
(EDB). The ac trap has many similarities to a Paul trap, also
known as a three dimensional quadrupole ion trap mass spec-
trometer [46], and as such, the ac trap is a mass-to-charge
filter [47,48]. The frequency of the ac trap was adjusted, in
conjunction with the ionic strength of the multielement start-
ing solution, or also the concentration of elemental carbon
nanoparticles in other starting solutions described in Section
2.1, to effect levitation of particle populations having different
sizes.

The droplets dispensed from the droplet generator fly into the
ac trap through a 5-mm diameter hole in the induction electrode
(Fig. 1C). Within the ac trap, a sinusoidal waveform, 130 Hz,
4.5kVo.p, applied to the ring electrodes established an elec-
tric field that enabled the droplets to be levitated in air. The
volatile components evaporate within seconds from the levitated
droplet causing the non-volatile components in each droplet
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to precipitate and coagulate as a spherical particle (Fig. 1D).
The actual distribution of the compounds in these particles
has not been characterized. Though the motion of the levitated
droplets/particles is collisionally dampened because of the high
pressure at which these experiments were performed (1 atm),
it is necessary to maintain the magnitude of the dimension-
less parameter g for a trapped droplet/particle approximately
constant. The g-value for a charged object trapped by an elec-
tric field relates the droplet/particle mass-to-charge value to the
square of the ac waveform frequency in addition to other fac-
tors describing the dimensions of the electrodes. In practice,
manually increasing the frequency of the ac waveform applied
to the ring electrodes of the ac trap during the period over
which volatile solvent evaporates from the levitated droplets
allows crude tracking of the loss of mass from the levitated
droplet. Imperfect electrode dimensions that introduce higher
order fields, and collisional pressure dampening of the levitated
particle, are key factors that enable the retention of a popu-
lation of levitated droplets with each droplet having its own
different mass-to-charge value in the ac trap during the period
of time over which volatile solvent evaporates. The end fre-
quency necessary to maintain a population of particles levitated
was dependent on the resulting size of the particle that in turn
depended on the ionic strength of the multielement solution from
which the original droplet was dispensed. For multielement par-
ticle types that were 6.8, 3.8, 2.6, 1.8, and 1.4 pm diameter,
the final ac frequency was 510, 810, 910, 1010, and 1230 Hz,
respectively.

Following the formation of these particles, an attractive 500 V
dc potential applied to the bottom electrode of the ac trap facili-
tated the removal of the particles from the trap. In one phase
of the experiment, particles removed from the ac trap were
collected on 75 mm x 25 mm glass slides (Fig. 1E) and the diam-
eters of the roughly spherical-shaped particles measured using
a calibrated optical microscope.

2.5. Particle deposition onto A549 human lung epithelial
cell culture

The procedure and conditions in the ac trap described above
for the dispensing of droplets and subsequent levitation of
particles, whose diameters were characterized, was used with-
out alteration for particles that were deposited onto A549 cell
cultures. Upon levitation of a population of 5-100 particles,
a culture of A549 cells was prepared as follows. First, the
growth medium was drained and the 18 mm x 18 mm glass cover
slip supporting the monolayer of A549 cells was placed on
a 75 x 25 mm glass slide (Surgipath Inc., #00375, Winnipeg,
Man., Canada). The glass slide was then placed on a mount that
sat on the bottom electrode. A 500V dc potential applied to
the bottom electrode established an attractive force that enabled
the particles to be removed from the EDB and impact onto
the cell culture positioned directly below the ring electrodes
of the ac trap (Fig. 1F). After the deposition of the particles, the
18 mm x 18 mm glass cover slip was immediately transferred
into a 35 mm (diameter) x 10 mm (depth) tissue culture petri
dish (Sarstedt Inc., Model #28658-0468, Newton, NC, USA)

and incubated at 5% CO», 37 °C, and 100% relative humidity for
18 h.

2.6. Immunocytochemistry assay

After an 18-h incubation period, an antibody assay was per-
formed in a biological safety cabinet as follows. The monolayer
of A549 cells was twice washed with 1 mL phosphate-buffered
saline (PBS) solution. The cell culture was then fixed with 1 mL
of 1% acetone solution and allowed to stand for 10 min and
afterwards discarded. After acetone fixation, the cell culture
was treated with 95 pL serum-free protein block, reported by
the manufacturer as having 0.25% casein in PBS, stabilizing
proteins and 0.015 mol/L sodium azide (DakoCytomation Inc.,
X0909, Carpinteria, CA, USA) for 30 min, followed by treat-
ment with 95 pL of 50 nwg/0.5 mL solution of mouse-antihuman
monoclonal CD54 primary antibody (Caltag Laboratories,
LMHCDS54F, Burlingham, CA, USA) for 1 h.

After the 1h treatment with the primary antibody, the cell
culture was washed with 1 mL of tris-buffered saline solution
(TBS) and then incubated with 95 uLL of 2 mg/mL solution of
goat-antimouse IgG secondary antibody solution conjugated to
Alexa Fluor 546 (Invitrogen Detection Technologies, 34779A,
Eugene, OR, USA) for 30 min. At 30 min treatment with this
secondary antibody, the cell culture was washed four times with
TBS solution prior to performing fluorescence microscopy and
image analysis.

The positive control were cultures that had been incu-
bated with tumor necrosis factor (TNF)-a. To 2mL of growth
medium bathing an A549 culture grown to confluence on an
18 mm x 18 mm glass cover slip, 10 L of 10 pg/mL TNF-a
solution was added and then incubated for 18 h followed by
immunocytochemistry as described above. Negative controls
were A549 cultures grown to confluence on 18 mm x 18 mm
glass cover slips bathed with 2mL of growth medium and
then incubated for 18 h followed by immunocytochemistry as
described above.

2.7. Fluorescence microscopy and analysis of acquired
images

All images of fluorescence emission from the fluores-
cently tagged antibodies bound to ICAM-1 expressed on A549
cells were collected with an inverted fluorescence microscope
equipped with an Epi-fluorescence filter block (filter block
model MG-1, Epi-FI, microscope model AE31, Motic Instru-
ments Inc., Richmond, BC, Canada). The deposition site scan
is defined as a 1 mm? circular area centered over the site of
particle deposition from which fluorescence emission was col-
lected. Differential ICAM-1 expression was calculated based on
the fluorescence emission signal intensity at each pixel in each
scan of a cell culture using Image J software (Research Services
branch, National Institute of Health, Bethesda, MD, USA) and
the numerical values of the pixel signals were summed using
Microsoft Excel. The summed ICAM-1 expression is reported
as a percent of total signal intensity relative to A549 cell cultures
treated with TNF-a as the positive control [45].
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Fig. 2. (A). Representative photomicrographs of multielement particle types that were deposited onto glass slides for size characterization using optical microscopy.
Their average diameters were (i) 6.8 wm, (ii) 3.8 wm, and (iii) 2.6 pwm. (B) Representative photomicrographs of multielement particle types that had been deposited
onto A549 cell cultures and visualized following an 18-h incubation period. The scale bar in panel A (iii) represents 15 um and it is valid for all images. (C) Bar
graph representation of the diameters of the multielement particles formed in the ac trap as a function of the ionic strength of the multielement starting solution. (D)
The mass of inorganic compounds contained in each size of the multilelement particle type created.

3. Results
3.1. Characterization of particle diameter

Ac traps have been used in many studies involving the levi-
tation of droplets containing inorganic compounds [49]. In this
work, multi-compound containing droplets were captured in the
ac trap and levitated for 1 min to allow the dissolved solids to
precipitate. The multielement particles thus formed were then
deposited onto a glass cover slip. Photomicrographs of each
size of these particles as viewed using an optical microscope
are presented in Fig. 2A, panels i—iii. The average diameter of
each particle type generated from the multielement starting solu-
tion having ionic strengths of 0.103, 0.092 and 0.045M were
6.81+0.5,3.81+0.3, 2.6 = 0.2 um, respectively (mean £ S.D.).
The relative sizes of these particles are depicted in bar-graph
format in Fig. 2C, and their per particle mass in Fig. 2D. Not
shown are the images of the elemental carbon and elemental
carbon containing glycerol particle types that were similarly
characterized.

Representative photomicrographs of these same particle sizes
following their deposition onto A549 cell cultures and an incu-
bation period of 18-h are shown in Fig. 2B, panels i-iii. While
the preparation and deposition of particles having diameters of
<2.5 pm was achieved (data not shown), those particle sizes
were broken down following an 18 h incubation to the extent
that no visible remnants of the particles were distinguishable.
A technical issue regarding our use of particles <2.5 wm diam-
eter is the capability to count the number of particles actually
deposited. Work is underway to calibrate an in-house assembled
optical particle counter.

3.2. Inflammation potential of a multielement inorganic
particle type using particle diameters of 6.8, 3.8, and 2.6 um

The apparatus used to create and deliver particles to cul-
tures in these dose-response experiments allows us to know the
number, size, and composition of the particles deposited. With
respect to the cellular response, the injury monitored was limited
to the quantitative measurement of the differential expression of
a single pro-inflammatory mediator, ICAM-1. The expression
of ICAM-1 in all test cultures was normalized using the positive
control. The cultures used as negative controls were also nor-
malized to the positive controls and the relative expression of
ICAM-1 measured in those was ~0.4.

Each data point in Fig. 3 is the fluorescence signal intensity
measured at the site of particle deposition, and that value is taken
as the differential expression of ICAM-1 relative to the positive
control from each experiment. The data showing the fluores-
cence from cultures dosed with elemental carbon particles that
were themselves 6.7, 3.8, and 2.7 um in diameter are plotted
as open symbols in Fig. 3. The elemental carbon particles did
not cause measurable differential expression of [CAM-1 in A549
cells relative to the negative control. Also, elemental carbon con-
taining glycerol particles that were 6.8 um in diameter were also
dosed onto A549 cultures, and the immunocytochemistry data
indicated that ICAM-1 expression was not significantly differ-
ent than that in the negative controls (data not shown). The mass
of elemental carbon in the elemental carbon containing glycerol
droplets was the same as in the multielement particle types that
were also dosed onto A549 cultures (Fig. 3, closed symbols).
Clearly, the addition of the inorganic compounds, in the relative
quantities indicated in Table 1, to elemental carbon to create a
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Fig. 3. Relative fluorescence signal intensity of fluorophore-tagged secondary
antibodies of goat-antimouse bound to ICAM-1 expressed on A549 cell culture
after an 18 h incubation with different numbers of different particle types having
nominal diameters of (A) 6.8 wm, (B) 3.8 um, and (C) 2.6 um. Bottom x-axis
represents the number of particles of the indicated size delivered to the cell cul-
ture and the top x-axis represents the mass of particles delivered. Filled symbols
represent multielement particle types having the same mole fraction of the same
compounds, and open symbols represent elemental carbon particles. The fluo-
rescence signal intensity was collected from a 1.07 mm? area centered over the
site of particle deposition. The R? coefficient from the linear least squares fit
to the fluorescence signal intensity versus the number of multielement particles
deposited (filled symbols) was (A) 0.6, (B) 0.6 and (C) 0.8.

multielement particle type resulted in differential expression of
ICAM-1.

The relative fluorescence signal intensity data in the images
of the cell cultures following immunocytochemistry, indicative

°
|

0.8

0.6

0.4

0.2

[FEETI FTERE SR AR RN AN FRRTE RRRTE FRUTE SN ENE SER NN AT

0.0

TeE T Ec T ECc T ME T ME T ME T
2.6 um

) 2.6 pm 3.8um 6.8um 3.8 um 6.8 um

- N
o =]
| ST T T ST IS S S S A S S BB

o

2]

-

" e T ec " ec " ME T ME T ME '
) 2.6 um 3.8um 6.8um 26pum 3.8um 6.8 um

o

a Pro-Inflammation Potential (Particle Number, ICAM-1) ’:; Pro-Inflammation Potential (Particle Mass, ICAM-1)

Fig. 4. Pro-inflammation potential (PIP) displayed as a function of the differen-
tial expression of ICAM-1 in response to incubation with elemental carbon (EC)
or multielement (ME) particle types having the indicated diameter in microme-
ters. The data set is presented in two formats; in (A) the PIP was calculated as a
function of the mass of particles delivered to the cultures, and (B) the PIP was
calculated as a function of the number of particles delivered to the cultures.

of the relative ICAM-1 expression in Fig. 3, were fitted to least
squares linear regressions as a function of the mass and as the
number of multielement and carbon particle types delivered.
The value of the slopes to these fits are presented in bar-graph
format in Fig. 4 and the error bars indicate the error in the fitted
slope. The magnitude of the numerical values for the slope of the
least squares linear fits are interpreted as the pro-inflammation
potential ICAM-1) for a given size of a given particle type.

4. Discussion

This study utilized an apparatus and associated methodol-
ogy with which questions at the interface between atmospheric
particle chemistry and lung cell biology can be addressed. For
example, the data generated with this infrastructure allows the
data to be presented in a format that enables inter-comparison
between composition, number, and size of particles actually
delivered to cell cultures for the purpose of identifying which
components on different ambient particle types are most signif-
icant with respect to causing adverse effects on human health.
Clearly the type (e.g.: chemical composition), size, and num-
ber of particles delivered to a culture are significant factors in
characterizing the relative injury, in vivo, caused by ambient
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particle types (Fig. 4). Our results indicate that particles having
varying sizes but the same bulk inorganic chemical composition
effected a different level of injury to A549 cells based on the
measured differential [CAM-1 expression. As few as ~15 multi-
element particles of diameter 2.6 pm caused significant ICAM-1
expression whereas with 6.8 wm diameter particles having the
same mole fraction of multiple compounds >50 such particles
were required to initiate a significant response. Moreover, dif-
ferent sizes of a control particle type, elemental carbon, were
measured to have induced no differential expression of I[CAM-1
relative to the negative controls.

Prior studies have indicated that the fine fraction particles
(i.e. PM» 5) were more toxic than coarse fraction ambient par-
ticles (i.e. PM19—PM>s) [50,51]. This could simply be due to
more favorable particle-cell interaction (i.e. rate of endocyto-
sis) for the smaller particle size studied, and not a function of
particle chemical composition. The extent to which the varied
compounds contribute to toxicities of coarse and fine frac-
tions of ambient particles following inhalation exposure is not
well understood, as significant differences exist between coarse
and fine fractions regarding their sources, chemical compo-
sitions, atmospheric life times and temporal variability. The
question remains, what particle physicochemical properties con-
tribute most significantly to the observed inflammation follow-
ing inhalation exposure to particulate matter of varying size
fractions? Particulate matter has been shown to generally contain
numerous chemical components that include elemental carbon,
metals, inorganic compounds and organic compounds [39]. Fur-
thermore, coarse fraction particulate matter contains endotoxin,
and several studies have suggested that these particle types are
significant contributors to particulate air pollution. While con-
clusions should not be drawn at this stage regarding the role
of chemical components on fine versus coarse fraction ambi-
ent particles and their potency with respect to causing tissue
injury, hypotheses can however be formulated to address this
issue regarding particulate air pollution using the apparatus and
associated methodology described herein. Note that the results
presented involved particles within the coarse fraction of ambi-
ent particles. An extension of this data set using the same
multi-element particle types into the fine fraction of ambient
particles could be informative because for such particles sizes
the particle—cell interactions could be less dissimilar, and par-
ticle surface area or surface area of reactive sites on a particle
could be important [17].

A hypothesis regarding nanoparticle toxicity postulates that
their surface area could be a very important factor in determining
the extent of the injury that they cause [52]. In order for our data
to have been in agreement with that nanoparticle surface-area
hypothesis, a similar relative injury caused on a per particle sur-
face area basis would have had the ICAM-1 expression caused
by asingle 6.8 wm diameter particle being approximately similar
to that caused by a calculated seven particles of 2.6 wm diame-
ter. This was not what was observed, and therefore these results
on coarse fraction ambient particle types (PM3 5—PMj() should
not be extrapolated to the nanometer size regime. When quan-
titative dose-response methodology has been developed to the
extent that particles of size within the PM; 5 classification can be

used and the relative cellular injury inter-compared, a test of the
nanoparticle surface area hypothesis for fine fraction ambient
particles (PM» 5) could be performed.

Work is underway to characterize the pro-inflammation
potential of (i) particles that lack several of the inorganic com-
pounds reported herein, (ii) particles that contain organic com-
pounds in addition to the inorganic compounds used herein,
spanning from volatile organic hydrocarbons to endotoxin, and
(iii) particles whose diameters are <2.5 wm. Such future work
can be expected to assist in evaluation of the relative necessity to
have knowledge of the chemical composition of ambient parti-
cles types, in addition to their number and size, in order to fully
predict and therefore mitigate inhalation exposure risk.

5. Conclusion

A particle levitation apparatus and associated methodology
was used to design a multielement particle type that was cre-
ated at different sizes within the coarse fraction of PMjq but
all with the same chemical composition that represented the
bulk inorganic composition of EHC-93. Based on the number of
multielement particles deposited, particles of 2.6 pm in diameter
were respectively, two and four times more potent in causing cel-
lular up-regulation of ICAM-1 than particles of 3.8 and 6.8 um
in diameter in terms of number of particles deposited. The same
data, evaluated based on the mass of particulate material deliv-
ered to a culture, indicated that the 2.6 wm diameter particle
type was, respectively, 6 and 80 times more potent in terms of
effecting cellular up-regulation of ICAM-1 versus the 3.8 and
6.8 pm diameter particles. These results illustrate there is need
to have detailed knowledge of individual particle composition,
number and size comprising the cumulative particulate matter
delivered to tissue in order to more accurately evaluate potential
health outcomes associated with inhalation exposure to ambient
particles.
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