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Epidemiological studies have implicated a role for airborne particulates of <2.5 µm diameter
in the development/exacerbation of chronic cardiopulmonary disease; however, specific
pathogenic mechanisms and the etiological significance of particle physicochemical properties
remain unresolved. Using a microporous aluminosilicate zeolite Y as a manifold, we have
synthesized 1 µm particulates of pure carbon (C), carbon-iron (C/Fe), and carbon-iron/fluoro-
aluminum silicate (C-Fe/F-Al-Si). We have used these particulates, as well as coal fly ash
(CFA) and diesel exhaust particulates (DEP), to test the hypotheses that human macrophages
treated with particulates elaborate proinflammatory cytokines in quantities sufficient to induce
endothelial adhesion molecule expression and that macrophage responses to particulate
exposure vary as a function of particulate physicochemical properties. Human monocyte-derived
macrophages (Mø) were exposed for 24 h to sublethal concentrations of particulates, at which
time phagocytosis was evident from optical microscopy. Human arterial, microvascular, or
venous endothelial cells (EC) were treated with clarified supernatants recovered from Mø
cultures, stained with fluorescein-conjugated mononclonal antibodies specific for endothelial
adhesion molecules intercellular adhesion molecule-1, vascular cell adhesion molecule-1, or
E-selectin, and assayed by fluorescence flow cytometry. Data generated by these experiments
demonstrate that while supernatants of Mø exposed to CFA and C particulates are relatively
ineffective, supernatants from DEP, C/Fe, or C-Fe/F-Al-Si strongly induced adhesion
molecule expression on EC, responses which were completely attenuated by antibody with
blocking specificity for tumor necrosis factor R. Because the only difference between C and
C/Fe particulates is the presence of surface iron on C/Fe, these findings suggest particulate-
induced oxidative stress as a contributing factor in Mø activation and implicate redox active
iron as a major determinant of particulate bioreactivity.

Introduction
Recent epidemiological studies conducted in various

geographical locations have demonstrated an association
between levels of ambient airborne particulate matter
and morbidity/mortality. Specific particulate-associated
disease entities implicated by these studies include
exacerbation of asthmatic episodes and respiratory infec-
tious disease, chronic bronchitis, and interstitial fibrosis,
as well as cardiovascular complications such as ischemic
heart disease and stroke (1-4). These associations seem
strongest for particulates of mass median aerodynamic
diameters equal to or less than 2.5 µm (PM2.5) (2-4).
While larger size inhaled particulates (>5 µm) are likely

to settle in the proximal airways where they can be
trapped and cleared by ciliated epithelium, PM2.5 can
remain suspended in the pulmonary air flow, potentially
reaching the alveoli where they may be retained for
extended periods of time (5).

In vitro studies, as well as animal and human experi-
ments, have documented a number of biological and
pathological responses to particulate exposure, including
enhancement of cytokine, chemokine, and intracellular
oxidant production by macrophages (Møs)1 and airway
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1 Abbreviations: Mø, macrophage; FBS, fetal bovine serum; EC,
endothelial cell; SBSS, Seligman’s buffered saline solution; hUVEC,
human umbilical vein endothelial cell; PBS, phosphate-buffered saline;
hPAEC, human pulmonary artery endothelial cell; M-CSF, monocyte
colony stimulating factor; hPMVEC, human pulmonary microvascular
endothelial cell; PBMC, peripheral blood mononuclear cells; TNFR,
tumor necrosis factor R; LPS, lipopolysaccharide; CFA, coal fly ash;
DEP, diesel exhaust particulates; C, carbon particulates; C/Fe, carbon-
iron particulates; C-Fe/F-Al-Si, carbon-iron/fluouro-aluminum-
silicate particulates; SEM, scanning electron microscopy; XPS, X-ray
photoelectron spectroscopy.
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epithelial cells following phagocytosis of particulates (6-
9), impairment of chemotactic motility of particulate-
laden Møs (10), acute and chronic pulmonary inflamma-
tion in vivo following experimental particulate administra-
tion or natural exposure in animals and humans (11-
14), and the subsequent development of alveolar epithe-
lial hyperplasia and progressive pulmonary fibrosis (11,
14). Although data generated by these investigations
provide some insight into possible etiological roles of
inhaled particulate matter, specific mechanisms by which
particulate deposition in the alveoli might initiate or
exacerbate cardiopulmonary disease remain to be fully
resolved.

A major focus of uncertainty resides in the relationship
between the physicochemical properties of particulates
and their pathogenic potential. Ambient urban airborne
particulate matter consists primarily of complex mixtures
of fossil fuel combustion products such as coal fly ash
(CFA), residual oil fly ash, and diesel exhaust particu-
lates (DEPs). The chemical composition of such particu-
lates varies as a function of starting material and
combustion process; however, common components in-
clude carbon aggregates, heavy metals, transition metals,
acid salts, silicates, and a variety of organic compounds
such as polycyclic aromatic hydrocarbons (15-17). Fur-
thermore, the surface chemistry of particulates can be
modified following their emission by reaction with atmo-
spheric components. The etiological significance of par-
ticulate chemistry has been suggested by several studies,
which have demonstrated marked differences in the
biological response to particulates as a function of chemi-
cal composition and/or surface characteristics (20). Hence,
it is of major importance to define relationships between
the physicochemical properties of particulates and the
mechanisms and intensity of biological responses induced
following exposure.

In the current investigation, we have examined DEPs
and CFA along with model 1 µm particulates composed
of pure carbon (C), carbon-iron (C/Fe), or carbon-iron/
fluoro-aluminum-silicate (C-Fe/F-Al-Si), with a pri-
mary focus on the role of unextractable surface iron as a
determinant of bioreactivity. Considering the major roles
of the Mø and the endothelium in the regulation of
inflammatory responses, our biological end points involve
interactions between these cell types. Specifically, we
have tested the hypotheses that human Møs treated with
particulates elaborate endothelial-activating cytokines in
quantities sufficient to induce endothelial adhesion mol-
ecule expression and that these Mø responses to particu-
late exposure vary as a function of particulate physico-
chemical properties.

Materials and Methods

Isolation and Propagation of Endothelial Cells (EC).
Human umbilical vein endothelial cells (hUVECs) were isolated
from vessels as previously described (21). Human pulmonary
artery endothelial cells (hPAECs) and human pulmonary mi-
crovascular endothelial cells (hPMVECs) were purchased from
Clonetics (BioWhittaker, Walkersville, MD). hUVECs and
hPAECs were propagated in endothelial cell growth medium
consisting of M-199 (GibcoBRL, Grand Island, NY) supple-
mented with 20% fetal bovine serum (FBS, Hyclone, Logan, UT),
50 µg/mL bovine brain extract [prepared as previously described
(22)], 12 U/mL sodium heparin (Sigma, St. Louis, MO), and 20
mM HEPES buffer. hPMVECs were propagated in EC basal
medium-2 (Clonetics) supplemented with 5% FBS and the

following additives as directed and supplied by the manufac-
turer: hydrocortisone, human fibroblast growth factor-B, vas-
cular endothelial growth factor, insulin-like growth factor,
ascorbic acid, human epidermal growth factor, and gentamycin.
All growth surfaces for EC were pretreated with human
fibronectin (25 µg/mL, Upstate Biotechnology, Lake Placid, NY).

The purity of all endothelial isolates was verified at passage
3 by positive immunoperoxidase staining for von Willebrand
Factor and uniform negativity for leukocyte common antigen
(CD45), B cell antigen (CD20), and monocyte specific antigen
(CD11c) employing previously described methods (21). The cells
were passed weekly by brief trypsin digestion at a ratio of 1:4
and used in experiments at passages 5-7.

Mononuclear Leukocyte Culture Medium. The culture
medium used in the experiments, referred to as complete
DMEM, consisted of DMEM (GibcoBRL), supplemented with
10% pooled human serum (from nontransfused males), 10 mM
HEPES buffer, 1 mM sodium pyruvate, 1.5 mM L-glutamine,
0.6 mM L-arginine, 0.27 mM L-asparagine, 0.14 mM folic acid,
0.05 µM â-mercaptoethanol, 100 U/mL penicillin, and 100 µg/
mL streptomycin.

Isolation and Differentiation of Monocytes. Peripheral
blood mononuclear cells (PBMCs) were separated by Ficoll-
Hypaque (Histopaque, Sigma) density gradient centrifugation
(23) from fresh heparinized blood collected by venipuncture from
healthy, nontransfused volunteers (OSU IRB-approved human
subjects protocol 94HO344). PBMCs were aspirated from the
plasma/Histopaque interface, washed three times in Seligman’s
buffered saline solution (SBSS), and suspended in complete
DMEM. To promote monocyte survival, DMEM was supple-
mented with 10 ng/mL monocyte colony stimulating factor (M-
CSF, R&D Systems, Minneapolis, MN). PBMCs were trans-
ferred to 24 well plastic tissue culture plates (Costar, Corning
Inc., Corning, NY) at a concentration of ∼4 × 106 cells/well (1
mL/well).

The plates were incubated at 37 °C in a humidified atmo-
sphere of 10% CO2/90% air for 48 h to allow the adherence of
monocytes. Nonadherent cells were then removed, and adherent
monocytes were washed twice with SBSS and supplied with
fresh complete M-CSF-free DMEM. The cells were incubated
for an additional 12-14 days with medium changes at 48 h
intervals to allow differentiation into the Mø phenotype.

To assess the homogeneity of populations prepared in this
manner, samples were suspended by gentle scraping following
15 min of incubation in 0.01% EDTA/phosphate-buffered saline
(PBS) at 4 °C and reacted for 30 min at 4 °C with 1:5 dilutions
of FITC-conjugated monoclonal antibodies specific for CD3 and
CD14 (Gen Trak, Liberty, NC). The stained cells were washed
twice, suspended in cold SBSS, and analyzed (5000 cells) using
a Coulter Epics XL flow cytometer. As controls for nonspecific
staining, the cells were reacted with appropriate isotypically
matched irrelevant murine antibodies. Cells prepared in this
manner were routinely marked 90-95% positive for CD14 with
undetectable levels of T cell contamination (as indicated by the
absence of CD3+ cells).

Synthesis/Preparation of Particulates. The procedures
described here are an adaptation of a previously published
procedure for the synthesis of a carbonaceous negative image
of a zeolite (24). The synthesis of carbon particle replicas
proceeds through an acid-catalyzed condensation reaction of
phenol and paraformaldehyde monomers using zeolite Y as a
template for the reaction. The zeolite was acidified by ion
exchange with NH4Cl, followed by decomposition of the ion-
exchanged ammonium ions under vacuum at 500 °C. For the
synthesis of C/Fe and C-Fe/F-Al-Si particulates, iron was
added by ion exchange with 0.01 M ferrous sulfate (3 cycles, 30
min/cycle) before decomposition of the ammonium ions. The
zeolite was cooled to room temperature, and solid phenol (0.21
g phenol/g zeolite) was added. A weak vacuum was pulled on
the system, and the temperature was raised slowly to 60 °C.
Solid paraformaldehyde (0.25 g paraformaldehyde/g zeolite) was
added to the zeolite/phenol material, and the temperature was
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raised very slowly to 120 °C in a nitrogen environment. At this
point, the solid material turned red as the phenol/paraformal-
dehyde cross-linked polymer formed. The solid material was
held at 120 °C for 5 h to allow for complete polymerization. The
zeolite/polymer mix was pyrolyzed at 800 °C for 19 h under
flowing argon. The zeolite template was removed by etching in
48% hydrofluoric acid for 6 h. For making the C-Fe/F-Al-Si
particulates, the solubilized aluminum and silicate of the zeolite
template were reprecipitated on the C/Fe particles.

CFA (up to 100 µm mass median aerodynamic diameter) was
acquired from a coal-burning electric power plant and was size
fractionated to <2.5 µm by sedimentation in water. The fly ash
was suspended in a 10 cm column of H2O and allowed to settle
for 1 h, followed by recovery and filtration of the supernatant.
DEPs were recovered from the exhaust pipe of a diesel-powered
truck.

Characterization of Particulates. The surface chemical
composition was determined on a Kratos Ultra Axis XPS using
an aluminum source. Carbon, carbon/iron, and diesel were
conductive and therefore required no charge balancing. C-Fe/
F-Al-Si and CFA were found to be insulating and therefore
required charge balancing of 2.1 and 2.6 V, respectively. Survey
scans were performed with pass energy of 80 eV, and high-
resolution scans of the individual component regions were
performed with pass energy of 20 eV. The individual component
concentrations were determined by averaging 10 scans and
determining the area under each component peak; after, a
Shirley baseline correction algorithm was performed (25). The
areas were normalized using elemental sensitivity factors,
obtained from the software package of the Kratos Ultra Axis
system. Scanning electron micrographs were recorded on gold-
coated samples on a Phillips XL-30 ESEM, operating at 12 kV
accelerating current. The crystallinity of all particles was
determined by analyzing the powder diffraction pattern obtained
on a Rigaku Geigerflex powder X-ray diffractometer.

Treatment of Møs with Particulates. Particulates were
sterilized by steam autoclave and suspended in serum-free
DMEM at a concentration of 5 µg/mL. Møs differentiated in
culture plates as described above were washed with PBS and
supplied with fresh DMEM (0.5 mL/well). Particulates were
sonicated and immediately added to Mø cultures within con-
centration ranges determined to be nontoxic by trypan blue dye
exclusion (C, 5-50 µg/cm2; C/Fe, C-Fe/F-Al-Si, and DEP, 2.5-
25 µg/cm2; CFA, 10-100 µg/cm2). Because certain of these
particulates settle more slowly through the culture medium,
notably C and DEP, all plates were centrifuged for 10 min at
300g immediately following the addition of particulates. While
this step was not necessary for the induction of effects described
below, it did serve to equilibrate the time of initial particulate
contact with Mø.

Assay of Mø-Mediated Endothelial Activation. To de-
termine the impact of soluble factors elaborated by particulate-
exposed Mø upon proximal endothelia, ECs were incubated with
supernatants recovered from particulate-laden Mø cultures and
then assayed by immunofluorescence flow cytometry for expres-
sion of endothelial leukocyte adhesion molecules. Replicate
experiments were conducted with human EC derived from
umbilical vein (hUVEC), pulmonary artery (hPAEC), and
pulmonary microvasculature (hPMVEC), and with Mø isolated
from five individual healthy volunteer donors (2-4 replicate
experiments per donor). Møs differentiated in 24 well culture
plates for 10-12 days were treated with nontoxic concentrations
of particulates as described above. Following 24 h of incubation,
at which time phagocytosis of all particulates was clearly evident
(see Figure 6), supernatants were recovered from particulate-
treated or untreated Mø, clarified by centrifugation, and overlaid
upon confluent monolayers of hUVEC, hPAEC, or hPMVEC in
24 well culture plates. Additional controls included untreated
quiescent EC, EC treated with 300 IU/mL human recombinant
tumor necrosis factor R (TNFR, R&D Systems) as a positive
control for adhesion molecule induction, and ECs treated with
clarified lysates of sonicated Mø. The plates were incubated at

37 °C in a humidified atmosphere of 10% CO2/90% air for 4, 8,
or 24 h and then harvested by brief trypsin digestion for assay
of induction of E-selectin, vascular cell adhesion molecule
(VCAM)-1, and intercellular adhesion molecule (ICAM)-1, re-
spectively.

The cells were suspended in SBSS and reacted for 30 min at
4 °C with FITC-conjugated monoclonal antibodies specific for
E-selectin (Ancell Corp., Bayport, MN, 1:50 dilution), VCAM-1
(Ancell, 1:100 dilution), or ICAM-1 (Gen Trak, 1:100 dilution).
The stained cells were washed twice, suspended in cold SBSS,
and analyzed (5000 cells) using a Coulter Epics XL flow
cytometer. As antibody controls, the cells were reacted with
appropriate isotypically matched irrelevant murine antibodies.

To specifically identify the inducing agent produced by
particulate-treated Møs, supernatants recovered from Mø cul-
tures were incubated for 1 h with 0.25 µg/mL polyclonal rabbit
anti-human TNFR (Genzyme Diagnostics, Cambridge, MA) or
with 0.25 µg/mL irrelevant polyclonal rabbit IgG (Jackson
Immunoresearch Laboratories, West Grove, PA) prior to addi-
tion of supernatants to endothelial monolayers.

To determine if Mø responses were due to endotoxin, which
may have been brought into cells on the particulates, a subset
of the experiments described above were performed in the
presence of polymyxin B (Sigma). Aliquots of each particulate
suspension were supplemented with polymyxin B at a concen-
tration of 10 µg/mL (shown to effectively neutralize the effects
of 100 pg/mL lipopolysaccharide [LPS, Sigma]). Because the
volume of particulate suspensions added to culture wells was
small (2-40 µL), the culture medium in wells was supplemented
with polymyxin B (10 µg/mL) prior to the addition of particu-
lates.

Results

Description of Particulates. The basic synthetic
strategy for making the model C particulates was to start
with ∼1 µm size microporous aluminosilicate zeolites and
synthesize a polymer within the zeolite cavities. The
zeolite-polymer composite was then heated to 800 °C to
graphitize the carbon. With the use of HF, the alumino-
silicate framework was dissolved, leaving behind the
carbon particle. Figure 1a shows the scanning electron
microscopy (SEM) of C particles synthesized by the above
method, and it is indistinguishable from the starting
zeolite (Figure 1c). The surface elemental analysis (Fig-
ure 1b) as determined by X-ray photoelectron spectros-
copy (XPS) shows mostly carbon with a small contribu-
tion from silicon and no peak due to aluminum. Table 1
lists the elemental analysis as determined by XPS. The
C particles were amorphous.

To make C/Fe, the starting zeolite was ion-exchanged
with Fe3+ and the synthesis process was repeated. Figure
2 shows the SEM and XPS. The morphology, as expected,
is very similar to the C particle, but as the XPS indicates,
Fe3+ is incorporated into the particle, as seen in the inset
of Figure 2b. The surface iron loading was calculated from
the XPS to be 1.8% by mass, as shown in Table 1.

A third model particle was prepared, in which the
aluminosilicate framework was dissolved by the HF, but
instead of separating the dissolved aluminosilicate from
the C particles, it was reprecipitated by treatment with
ammonium hydroxide. We refer to these particles as
C-Fe/F-Al-Si, and they were synthesized to impart
charge onto the hydrophobic C particles. Figure 3 shows
the SEM and XPS of the C-Fe/F-Al-Si particles, and
Table 1 lists the surface composition. Because of the
strong peak due to F, the Fe peak could not be distin-
guished from the XPS, so a bulk analysis was done on
the sample and found to contain 2 wt % iron. Figure 3c
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is the powder X-ray diffraction pattern (XRD) of the
C-Fe/F-Al-Si, and unlike the C and C/Fe particles, it
appeared to be crystalline, and the diffraction pattern
matched well to a mixture of (NH4)3AlF6 and (NH4)2SiF6

(26, 27).
Two ambient particles of interest in this study were

CFA and DEPs. Figure 4 shows the SEM, XPS, and XRD
of the CFA. The size-fractionated CFA is <2 µm in
diameter and was crystalline, as evident from Figure 4c.
The surface elemental analysis shows an aluminosilicate
particle with iron. The crystalline components in CFA
were identified to be primarily quartz and mullite and
are marked in Figure 4c. The spherical morphology of
the particles (also called cenospheres) is characteristic
of CFA and originates during coal combustion due to gas
bubbles trapped inside the particles (28).

Figure 5 shows the SEM and XPS of the DEPs. These
are ∼150 nm particles, with C as the major component
and minor quantities of iron and sulfur (Table 1) and
resembles the C/Fe in surface composition.

Phagocytosis and Toxicity of Particulates. We
first sought to determine the extent of phagocytosis and
relative toxicities of the environmental particulates and
those that we had synthesized. Human peripheral blood
monocytes were allowed to differentiate in vitro for 10-
12 days into the Mø phenotype and were then treated
with various concentrations of particulates and studied
by phase contrast microscopy. As shown in Figure 6, all
particulates were readily phagocytosed by Mø within 24
h. As determined by trypan blue dye exclusion and
morphologic evidence of cell degeneration, the particu-
lates exhibited a range of toxicities as a function of
particulate physicochemical characteristics. While the
synthesized C-Fe/F-Al-Si particulates were toxic at
concentrations greater than 40 µg/cm2, no toxicity was
apparent in Mø treated with up to 200 µg/cm2 of CFA or
synthesized C particulates. DEP and synthesized C-Fe
exhibited intermediate toxicities in the range of 50-70
µg/cm2 (data not shown).

Møs treated with concentrations of particulates below
toxic levels were periodically stained with trypan blue
and carefully observed for morphologic indicators of
apoptosis and necrosis. No evidence of cell death was
observed in these populations for over 4 weeks following
particulate exposure.

Mø-Mediated Endothelial Activation. To determine
the impact of soluble factors elaborated by particulate-

Figure 1. Characteristics of the C particles: (a) SEM, (b) XPS
(inset is the iron region), and (c) SEM of the starting zeolite Y.

Table 1. Surface Mass Concentrations as Determined by
XPS (ND ) Not Detected)

element
C (% by
mass)

C/Fe (%
by mass)

C-Fe/F-Al-Si
(% by mass)

CFA (%
by mass)

diesel (%
by mass)

carbon 88.1 79.9 19.9 25.4 70.3
iron ND 1.8 ND (F peak) 3.0 3.0
aluminum ND ND 5.5 13.3 ND
silicon 0.9 2.2 3.4 16.7 ND
fluorine ND ND 50.4 ND ND
oxygen 10.0 16.1 6.4 41.1 24.0
nitrogen 1.0 ND 10.9 0.5 1.0
sulfur ND ND ND ND 1.7
sodium ND ND 3.5 ND ND
potassium ND ND ND trace ND

Figure 3. Characteristics of the C-Fe/F-Al-Si particles: (a)
SEM, (b) XPS, (c) powder X-ray diffraction [* ) (NH4)3AlF6 and
x ) (NH4)2SiF6].
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exposed Møs upon proximal endothelia, human ECs
derived from umbilical vein (hUVEC), pulmonary artery

(hPAEC), or pulmonary microvasculature (hPMVEC)
were incubated with supernatants recovered from par-
ticulate-treated human Mø cultures and then assayed by
immunofluorescence flow cytometry for expression of
endothelial leukocyte adhesion molecules. Shown in
Figure 7 is a representative series of flow cytometric
histograms demonstrating responses of hPAEC following
4 (E-selectin), 8 (VCAM-1), or 24 h (ICAM-1) of incubation
with supernatants recovered from C/Fe-treated Mø (25
µg/cm2). These incubation times are based upon numer-
ous studies, which demonstrate that ECs treated with
TNFR, a known product of activated Mø, express peak
levels of E-selectin at 4 h, which rapidly wane, peak levels
of VCAM-1 at 8 h, which wane more slowly, and peak
levels of ICAM-1 at 24 h, which are sustained for several
days (29). As shown in the figure, untreated quiescent
hPAECs express modest constitutive levels of surface
ICAM-1 but no detectable VCAM-1 or E-selectin. While
supernatants recovered from untreated Mø had no effect
on endothelial adhesion molecule expression, superna-
tants recovered from C/Fe-treated Mø enhanced surface
ICAM-1 expression and induced surface expression of
both VCAM-1 and E-selectin. Nonspecific staining with
irrelevant isotype-matched control antibodies was neg-
ligible under all conditions (data not shown).

Figure 8 presents data generated by immunofluores-
cence flow cytometric analysis of ICAM-1, VCAM-1, and
E-selectin surface expression on hPMVEC following
incubation with supernatants recovered from untreated
Mø (DMEM) or supernatants recovered from Mø treated
with various concentrations of each of the five types of 1
µm particulates (C, C/Fe, C-Fe/F-Al-Si, DEP, and
CFA). Mean fluorescence intensity (MFI) values shown
in the figure were calculated by subtracting MFI gener-
ated by nonspecific staining with irrelevant isotype-
matched control antibodies from MFI of specifically
stained cells. These curves demonstrate dose-dependent
induction of all three adhesion molecules upon hPMVEC
incubated with supernatants recovered from Møs treated
with C/Fe, C-Fe/F-Al-Si, or DEP. (Because toxic effects

Figure 4. Characteristics of the CFA particles: (a) SEM, (b)
XPS (inset is the iron region, with the peaks due to Fe3+

marked), and (c) powder X-ray diffraction (Q ) quartz; M )
mullite).

Figure 5. Characteristics of the DEP: (a) SEM and (b) XPS
(inset is the iron region, with the peaks due to Fe3+ marked).

Figure 2. Characteristics of the C/Fe particles: (a) SEM and
(b) XPS (inset is the iron region, with the peaks due to Fe3+

marked).
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induced by these particulates upon Mø began to occur at
concentrations of 40-50 µg/cm2, curves generated by
these particulates terminate at 25 µg/cm2.) In contrast,
little or no endothelial activation was observed in re-

sponse to supernatants recovered from Møs treated with
C or CFA, even at 2-4-fold greater concentrations. Data
generated by these experiments suggest that the inflam-
matory potential of phagocytosed particulates varies
greatly as a function of particulate physicochemical
characteristics.

These data are representative of experiments per-
formed with Mø isolated from each of five volunteer
donors (2-4 replicate experiments/donor) and with hu-
man endothelial cells derived from umbilical vein, pul-
monary artery, and pulmonary microvasculature. We
have previously demonstrated that endothelial responses
to TNFR and interferon-γ are qualitatively and quanti-
tatively similar regardless of vascular bed of origin (30,
31). Replicate experiments conducted with hPMVEC,
hUVEC, and hPAEC demonstrated that while the mag-
nitude of endothelial responses varied among experi-
ments, the pattern of particulate-induced responses
remained constant, and no correlation between the
magnitude of responses and the origin of the EC was
observed.

Rather the variation in magnitude of particulate-
induced responses was more closely related to the source
of the Mø, i.e., the PBMC donors. Figure 9 presents data
generated by immunofluorescence flow cytometric analy-
sis of ICAM-1 (A), VCAM-1 (B), and E-selectin (C) surface
expression on hPMVEC following incubation with super-
natants recovered from untreated Mø (DMEM) or super-
natants recovered from Mø treated with maximally
inducing concentrations of each of the five types of 1 µm
particulates (C, C/Fe, C-Fe/F-Al-Si, DEP, and CFA).
MFI values shown in the figure were normalized to MFI
values generated by EC incubated with supernatants
recovered from untreated Mø. These data demonstrate
that while the magnitude of endothelial adhesion mol-
ecule induction varies among Mø donors, the pattern of
induction remains essentially constant. In all experi-
ments, C/Fe, C-Fe/F-Al-Si, and DEP were observed to
induce Mø-mediated endothelial activation, whereas C

Figure 6. Phase contrast micrographs of untreated human peripheral blood monocyte-derived Møs, Mø incubated for 24 h in the
presence of synthesized 1 µm C/Fe (25 µg/cm2 surface area) or C-Fe/F-Al-Si (12.5 µg/cm2), or Mø incubated for 24 h in the presence
of size-fractionated (e2.5 µm) CFA (25 µg/cm2). Bar ) 100 µm.

Figure 7. Immunofluorescence flow cytometric analysis of Mø-
mediated endothelial adhesion molecule induction by synthe-
sized 1 µm C/Fe. hPAECs were either untreated, incubated in
the presence of TNFR (300 IU/mL), incubated in supernatants
recovered from cultures of untreated Møs or Mø exposed for 24
h to C/Fe (25 µg/cm2), or incubated in the presence of superna-
tants of C/Fe-treated Mø and antibody with specific blocking
activity against TNFR (anti-TNFR). hPAECs were then stained
with FITC-conjugated monoclonal antibodies specific for ICAM-
1, VCAM-1, or E-selectin and analyzed by fluorescence flow
cytometry (5000 cells/sample).
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and CFA appeared relatively inert in the context of the
measured responses. It should also be noted that even
Møs isolated from the same individual, but at different
times, demonstrated variation in response magnitude,
likely as a consequence of donor immune status at the
time blood was drawn (subclinical infection, convales-
cence from a recent infection, stress level, etc.). Despite
this variation, endothelial activation by “high” responders
(Figure 9, donor 1) generally remained high, and activa-
tion by “low” responders (Figure 9, donor 2) generally
remained low.

To control for the possibility that normal Mø products
released simply as a consequence of cell injury might
induce this endothelial activation, ECs were also treated
with clarified lysate of sonicated untreated Mø. No
adhesion molecule induction was observed in response
to this treatment (Table 2).

To determine if Mø responses were elicited by endo-
toxin, which may have been brought into cells on the
particulates, a subset of the experiments described above

were performed in the presence of 10 µg/mL polymyxin
B, a known inactivator of endotoxin. While this concen-
tration of polymyxin B in Mø cultures completely neu-
tralized endothelial adhesion molecule induction by
supernatants recovered from Mø stimulated by 100 pg/
mL of LPS, it did not attenuate adhesion molecule
induction by particulate-treated Mø supernatants (Table
2).

Because TNFR is known to be produced by activated
Mø and is also known to induce endothelial ICAM-1,
VCAM-1, and E-selectin (29), we sought to verify the
identity of the inducing factor(s) elaborated by particulate-
treated Mø. Supernatants recovered from Mø cultures
were incubated for 1 h with polyclonal antibody with
blocking activity specific for TNFR (0.25 µg/mL) or with
equal concentrations of irrelevant control polyclonal IgG
prior to addition of supernatants to endothelial mono-
layers. As shown in Figure 7, induction of all three
adhesion molecules by C/Fe-treated Mø supernatants was
completely neutralized by anti-TNFR but not by ir-
relevant control antibody (data not shown). Complete
neutralization of endothelial activation by anti-TNFR was
also observed in EC incubated with supernatants recov-
ered from Mø treated with C-Fe/F-Al-Si, DEP, and
CFA (data not shown).

Discussion

Despite considerable effort expended in the investiga-
tion of biological interactions of airborne particulate
matter, numerous questions remain regarding specific
pathogenic mechanisms by which inhaled particulates
might exacerbate respiratory infections, asthmatic epi-
sodes, chronic bronchitis, and interstitial fibrosis, as well
as cardiovascular complications such as ischemic heart
disease and stroke (1-4). Several mechanisms have been
proposed to explain the inflammatory response to par-

Figure 8. Immunofluorescence flow cytometric analysis of Mø-
mediated endothelial adhesion molecule induction by synthe-
sized and environmental particulates. hPMVECs were incu-
bated with supernatants recovered from cultures of untreated
Møs or from cultures of Mø exposed for 24 h to various concen-
trations of 1 µm synthesized C, C/Fe, or C-Fe/F-Al-Si or from
cultures of Mø exposed for 24 h to DEP or size-fractionated CFA.
hPMVECs were then stained with FITC-conjugated monoclonal
antibodies specific for ICAM-1, VCAM-1, or E-selectin and
analyzed by fluorescence flow cytometry (5000 cells/sample).
Because toxic effects induced by C/Fe, C-Fe/F-Al-Si, or DEP
upon Mø began to occur at concentrations of 40-50 µg/cm2,
curves generated by these particulates terminate at 25 µg/cm2.

Table 2. Mean Fluorescence Intensities Generated by
Flow Cytometric Analysis of ICAM-1, VCAM-1, and

E-selectin Expression on hPMVEC Following Incubation
with Supernatants of Untreated Møs, Lysed Mø, or Mø

Exposed for 24 Hours to Maximally Inducing
Concentrations of 1 µm Synthesized Particulates of Pure

Carbon (C), Carbon-Iron (C-Fe), Carbon-Iron/
Fluoro-aluminum Silicate (C-Fe/F-Al-Si), DEP, or

Size-fractionated CFA, in the Presence or Absence of 10
µg/mL Polymyxin B (polyB)

mean fluorescence intensity

treatment ICAM-1 VCAM-1 E-selectin

none 132 2.5 5.4
TNFR 957 186 308

Mø supernatants
untreated 195 1.6 6.3
lysed 216 1.9 5.7
polyB 179 1.2 7.1
LPSa 746 141 258
LPS + polyB 183 2.1 6.9
C (50b) 247 2.8 4.9
C (50b) + polyB 263 2.3 5.6
C/Fe (25b) 786 139 218
C/Fe (25b) + polyB 802 131 211
C-Fe/F-Al-Si (25b) 878 152 232
C-Fe/F-Al-Si (25b) + polyB 859 158 242
DEP (25b) 726 127 187
DEP (25b) + polyB 748 138 183
CFA (100b) 351 9.9 32
CFA (100b) + polyB 359 9.1 38

a LPS (100 pg/mL). b µg/cm2.
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ticulate exposure including direct alveolar epithelial cell
injury (10, 18), accumulation of particulates within the
septal interstitium (32), and induction of inflammatory
mediator production by alveolar epithelial cells and Møs
(6-9). However, the endothelium has received little
attention in this regard. Once considered a complacent
barrier with the assumed primary function of inhibition
of aberrant intravascular thrombosis, the endothelium
has emerged as a dynamically interactive participant in
immunomodulation. In particular, the microvascular
endothelium is of central importance in the regulation
of inflammation by virtue of its ability to inducibly
express endothelial leukocyte adhesion molecules (33).
Under normal circumstances, ECs remain in a quiescent
state, expressing modest levels of ICAM-1, no E-selectin,
and (with the exception of limited subsets) no VCAM-1.
However, under inflammatory conditions, as a conse-
quence of cytokine interactions, EC are induced to
express VCAM-1 and E-selectin, as well as enhanced
levels of ICAM-1 (29), providing a substrate for adher-
ence, activation, and extravasation of circulating neu-
trophils, monocytes, and lymphocytes.

A major source of endothelial-activating cytokines,
particularly TNFR, is the activated tissue Mø (29). Forces
that activate these cells, such as microorganisms and
various toxins, provide the stimulus for the recruitment
of inflammatory cells to the site of injury. The alveoli
contain resident Møs, which increase in number with
increasing intraalveolar particulate load. The alveolar
capillary endothelium is separated from the alveolar Mø
by only a monolayer of flattened alveolar epithelium and

a thin basal lamina, a total distance of ∼150-200 nm,
which is easily traversed by soluble factors produced in
the alveoli.

In the current investigation, we have assessed the
impact of synthetic C, C/Fe, and C-Fe/F-Al-Si particu-
lates upon Mø-mediated endothelial inflammatory re-
sponses, comparing responses to the synthetic particu-
lates with those elicited by size-fractionated (e1 µm) CFA
and DEP.

The etiological significance of particulate chemical
composition and surface characteristics is evident from
the fact that even though all particulates were read-
ily phagocytosed by Mø, the effectiveness of the particu-
lates in inducing the inflammatory effect varied dramati-
cally with their chemical composition and surface prop-
erties. While relatively low concentrations of C/Fe, C-Fe/
F-Al-Si, and DEP stimulated endothelial adhesion
molecule expression (through Mø production of TNFR),
little or no effect was detected with C or CFA, even at
loadings of particles several times greater.

In particular, considering that the only difference
between the C and the C/Fe particles is the presence of
surface iron on C/Fe, with all other features including
the morphology of the particles being very similar, it can
be unequivocally stated that the Mø-mediated induction
of endothelial adhesion molecule expression by C/Fe must
be due to the surface iron. There are several features that
we can associate with the iron on C/Fe. It is present as
Fe3+ and will not be readily solubilized, since the syn-
thesis of the particles involved treatment with concen-
trated HF to dissolve the aluminosilicate framework.

Figure 9. Mø donor-dependent variation in magnitude of inflammatory responses to synthesized and environmental particulates.
hPMVECs were incubated with supernatants recovered from cultures of untreated Møs isolated from three individual donors (DMEM)
or from cultures of Mø exposed for 24 h to maximally inducing concentrations of 1 µm synthesized C, C/Fe, and C-Fe/F-Al-Si or
from cultures of Mø exposed for 24 h to DEP or size-fractionated CFA. hPMVECs were then stained with FITC-conjugated monoclonal
antibodies specific for ICAM-1 (A), VCAM-1 (B), or E-selectin (C) and analyzed by fluorescence flow cytometry (5000 cells/sample).
Mean fluorescence intensity values were normalized to values generated by supernatants of untreated Mø.
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Thus, the biological manifestation must arise from the
surface bound redox chemistry of iron. The fact that
solubilized iron can lead to the formation of hydroxyl
radical by the Fenton reaction is well-recognized, and
iron-containing particles are proposed as a mechanism
to introduce iron into cells, bypassing normal regulatory
controls of iron transport. Increasingly though, there is
awareness that the chemistry of the iron attached to the
particle surface may also be biologically relevant (34), as
we have also noted for iron-exchanged erionite and
mordenite (35). Unregulated soluble iron has long been
linked to an increase in oxidative stress in cellular
systems (36, 37). The Fenton reaction is a route to make
reactive oxygen species as follows:

In addition to H2O2, other possible biological reductants
include ascorbic acid and glutathione.

Several studies have implicated a role for iron in
promoting gene expression resulting in increased forma-
tion of proinflammatory mediators. In particular, soluble
iron (Fe2+) has been shown to induce expression of TNFR
in cultured Kupffer cells via the NF-κB pathway, the
activation of which was directly preceded by an increase
in paramagnetic resonance detectable •OH (38). Consis-
tent with these observations, iron chelators have been
shown to inhibit NF-κB activation in hepatic Møs (39).
However, the specific molecular mechanisms by which
hydroxyl radicals regulate NF-κB activation remain to
be resolved.

The role of surface iron in promoting Mø-mediated
endothelial activation by C/Fe particles is consistent with
the similar response elicited by DEP, which, based on
the XPS, are particles with a carbon core and surface
iron. The source of iron is presumably from the metallic
parts of the combustion and exhaust process. The en-
hanced endothelial activation level induced by C-Fe/F-
Al-Si as compared to the C/Fe or DEP is also of interest.
The major difference between C/Fe and C-Fe/F-Al-Si
is the presence of negatively charged species (aluminum
and silicon fluorides). An increased negative charge on
environmental particulates has been reported to enhance
the release of inflammatory cytokine IL-6 in cultured
human respiratory epithelial cells (40).

However, the CFA particles also have a surface charge
(aluminosilicate) and significant levels of surface iron;
yet, their bioactivity in the context of our experiments is
slightly higher than the inactive C particles but with a
doubled loading level. Typically, the iron present in coal
is in the form of pyrite. Upon combustion at high
temperatures, the pyrite loses the sulfur and the iron
ends up as oxides or incorporated into the aluminosilicate
framework (41). Even though elemental analysis shows
high levels of iron in the CFA, no distinct phases due to
iron could be distinguished in the diffraction patterns.
Previous studies have shown that CFA promoted the
formation of the cytokine IL-8 in human lung epithelial
cells, and solubilized iron from CFA was thought to be
responsible (42). Other studies have shown that CFA was
considerably poorer in eliciting TNF production as com-
pared to coal and silica dusts (43). The bioavailabilty of
iron from CFA has been noted to depend on the particle
size and the type of coal (44), and that makes it difficult

to compare different studies. The size of the CFA in this
study is in the range (<2.5 µm), and it has been noted
that the iron in the glassy phase is higher with smaller
particles (44). If CFA were not releasing iron, then, in
order for Fenton chemistry to be active, the surface iron
would have to play a role. For the iron present in the
surface as iron oxides, the biological activity is expected
to be minimal as noted for hematite and magnetite (45).
For the iron present in the aluminosilicate to be bioactive,
both redox chemistry and coordination sites around iron
are necessary (46), which may not occur readily for the
iron incorporated in the glassy phase of CFA.

In summary, the data presented here support the
hypothesis that surface chemistry of particulates, espe-
cially as manifested by the redox chemistry of iron, has
a significant impact upon the consequent biological
response. Specifically, our results suggest that the pres-
ence of iron on the surface of particulates phagocytosed
by Møs exerts intracellular oxidative stress leading to
enhanced expression and release of TNFR. In the context
of the pulmonary microenvironment, TNFR elaborated
by particulate-laden alveolar Møs could act upon proxi-
mal septal capillary endothelial cells, inducing their
expression of endothelial leukocyte adhesion molecules
ICAM-1, VCAM-1, and E-selectin, and thus promoting
localized inflammatory responses. In addition, results of
this study demonstrate the utility of simplified synthetic
model particulates in the elucidation of particulate
properties which determine their bioreactivity. In par-
ticular, comparison of the C and C/Fe particles suggests
that the iron does not need to be in a solubilized form,
implying that smaller particles with a greater surface
area would have a more pronounced biological activity.
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