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T
he worldwide increase in automobile
usage is directly correlated with the
population increase, and thus more

vehicular activity is present in densely po-
pulated areas.1�3 This has been shown to
have implications on the health of indivi-
duals residing or working in polluted areas,4

as it is well known that inhalation of pol-
luted air, more specifically the particulate
matter (PM) suspended in air, can cause
detrimental health effects including cardio-
vascular and respiratory disease.5 For indi-
viduals with pre-existing conditions such as
asthma and chronic obstructive pulmonary
disease (COPD) the effects can be more
severe, such as hospitalization or in the
worst case premature death.6

The platinum group metals (PGMs) (Ru,
Os, Rh, Ir, Pd, and Pt) are all present in very
low concentrations in the earth's upper
crust and do not naturally occur in any
appreciable airborne amounts.7,8 Higher
concentrations of PGMs occur in certain
geographic locations, enabling their extrac-
tion and use on an industrial scale. Themain
use of these metals is in automobile cataly-
tic converters, where over 60% of the pro-
cured metals are used.9 Almost all localized
prevalence of PGMs can be derived from
automobile exhaust emissions related to
the abrasion of the catalytic converter and
from industrial smelter activity.10�12 Cataly-
tic converters are constructed by depositing
approximately 0.2 wt % of PGMs on a
honeycomb-cordierite substrate (MgO 3Al2O3 3
2.5SiO2) covered by awashcoat of cordierite
and γ-Al2O3.

13,14 The high surface area of
the honeycomb structure and that of the
porous cordierite enables the exhaust gas to

react with the PGMs dispersed in the sub-
strate material. The common constellation
of PGMs in catalytic converters is that Pt and
Rh are used for reduction reactions, while
Pd and Pt are used for oxidation reactions,
although differences in PGM composition
occur as a consequence of countries having
differing legislation and environmental
requirements.14

Inhalation is the primary route of expo-
sure to PM. Whether the inhalable PM is of
micro- or nanosize (10�0.1 μm and <100 nm,
respectively), evidence shows that the
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ABSTRACT Palladium (Pd) nanoparticles are recognized as components of airborne automotive

pollution produced by abrasion of catalyst materials in the car exhaust system. Here we produced

dispersions of hydrophilic spherical Pd nanoparticles (Pd-NP) of uniform shape and size

(10.4 ( 2.7 nm) in one step by Bradley's reaction (solvothermal decomposition in an alcohol or

ketone solvent) as a model particle for experimental studies of the Pd particles in air pollution. The

same approach provided mixtures of Pd-NP and nanoparticles of non-redox-active metal oxides, such

as Al2O3. Particle aggregation in applied media was studied by DLS and nanoparticle tracking

analysis. The putative health effects of the produced Pd nanoparticles and nanocomposite mixtures

were evaluated in vitro, using human primary bronchial epithelial cells (PBEC) and a human alveolar

carcinoma cell line (A549). Viability of these cells was tracked by vital dye exclusion, and apoptosis

was also assessed. In addition, we monitored the release of IL-8 and PGE2 in response to noncytotoxic

doses of the nanoparticles. Our studies demonstrate cellular uptake of Pd nanoparticles only in PBEC,

as determined by TEM, with pronounced and dose-dependent effects on cellular secretion of soluble

biomarkers in both cell types and a decreased responsiveness of human epithelial cells to the pro-

inflammatory cytokine TNF-R. When cells were incubated with higher doses of the Pd nanoparticles,

apoptosis induction and caspase activation were apparent in PBEC but not in A549 cells. These

studies demonstrate the feasibility of using engineered Pd nanoparticles to assess the health effects

of airborne automotive pollution.
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deposition of particles is similar and occurs on the
same time scale.15 In contrast, there are major differ-
ences in how particles are absorbed and how they
interact with the bodily environment once taken up
into tissue and their clearance out of the organism:
microparticles are generally taken up in the lungs and
retained there, whereas nanoparticles (NPs) have the
possibility of crossing membranes, by active uptake or
diffusion, and being distributed throughout the body
in various organs, lymphatic and blood circulation,
etc.16 The size of the particle itself does not necessarily
govern a particle's toxicity, but the inherent surface
properties do,17 and NPs therefore exhibit gram-for-
gram a proportionately higher surface area and thus a
stronger reactivity than microsized particles. It is not
well known where the actual toxicity stems from:
whether it is soluble species released from the particles
or the extended surface area of NPs causing the
creation of reactive oxygen species.
While catalytic converters are effective at converting

gaseous emissions into less harmful forms, they do not
wholly alleviate the emission of particulate pollution.
Furthermore automobiles with diesel engines can be
fitted with particle filters, but these do not stop the
emission of incombustible nanoparticulates.18 Theway
in which PGMs are impregnated into the cordierite
substrate produces a nanoparticulate form of PGMs.
These are emitted in time through abrasion and wear
in the catalyst in detectable amounts as an aerosol.19

Although the weight distribution of PGM emission is
largest in the micrometer range, it is not inconceivable
that particulate agglomeration of smaller species oc-
curs upon exiting the exhaust system. PGMs are con-
sidered toxic, especially in their soluble form, and have
been shown to be bioaccessible when ingested.20�22 A
problem ariseswhen complexation in the environment
through natural ligands occurs and the ions are pro-
duced. These may further react to form halogen
compounds, which are considered highly toxic and
allergenic.23 While agglomeration of the NPs will occur
in air, their inherent chemistry when in a bodily
environment is dictated by their high surface area,
and the toxicity of these nanoparticulates should be
evaluated more thoroughly.24�29

Risk assessment of the health impact of the kind of
particles that are being emitted from catalytic conver-
ters is important, but the use of existing catalytic
material from converters to make NPs could be ardu-
ous and it is difficult to obtain a strict size distribution.
An attractive alternative for production of the model
nanoparticle fraction is solution synthesis. Traditional

approaches to palladium colloids utilize either aqu-
eous or nonaqueous reduction of palladium salts. In
the aqueous route it is most commonly chloride or
acetate that is reacted with sodium hydroboride,
NaBH4, as reducing agent.30 This approach has to be
ruled out for the use in bioactivity studies, as the
produced byproduct, the boric acid, is a well-recog-
nized bactericide. Another common approach is ex-
ploiting the thermal decomposition of palladium salts
with organic anions such as acetate or acetylacetonate
in xylene as solvent, often using oleic acid as surfactant.
This approach results in hydrophobic samples, impos-
sible to dilute with or disperse in an aqueous
medium.31 Other novel methods involve the use of
tobacco mosaic virus, ultrasonication (sonochemical
synthesis), and peptides in synthesizing Pd-NPs.26�28

For a brief summary of other synthesis methods, see Li
et al.29 Better analogues of the particles in question can
be synthesized by utilizing Bradley's reaction,32�34 a
solvothermal process based on ether elimination in an
alcohol or carbonyl compoundmedium (seeScheme1).35

The reaction does not use any harmful or persistent
chemicals and can be carried out under relatively mild
conditions, making it a very versatile tool for producing
NPs. Moreover, the precipitate is hydrophilic and thus
easily redispersed in aqueous solutions, making it
amenable to in vitro studies.
Most studies with particulate air pollutants in cell

cultures have been made with cells under submerged
conditions in culture flasks. The dose is characterized as
an average particle concentration per volume of med-
ium. While the drawback is a rather nonphysiological
exposure condition with particles interacting with a
relatively large volume of medium before potentially
interacting with the cells, the advantage is a relative
ease of use and a large body of reference literature. A
more realistic scenario is achieved during aerosol
exposures of cells cultured under so-called air-lifted
conditions in membrane inserts.36 The deposited par-
ticles will be interacting with only a small volume of
extracellular liquid before interaction with the target
cells may occur. Toxic solutes from the particles will be
less diluted, and particles will have increased opportu-
nity to interact with the cells. There are some indica-
tions that typical air pollutants are more potent during
exposures under air-lifted conditions.36 The achieved
doses are then quite often characterized on a surface
basis. The advantage of greater realism is counter-
balanced by a much greater technical difficulty and a
much sparser body of reference data. Therefore in the
current study we chose to characterize the novel

Scheme 1. Proposed reaction pathway for Bradley's reaction of nanoparticle synthesis in acetophenone.
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materials using well-controlled, submerged exposure
conditions.
The PGM emitted the most (on a mass basis) is Pd,

and we present in this paper a method of synthesizing
Pd-NP analogues using wet chemistry and perform
toxicity studies for analogues of emitted metallic Pd-
NPs and Pd�Al-oxide NP-nanocomposites using two
different and relevant cell types representative of the
human lung epithelium including primary bronchial
epithelial cells.

RESULTS AND DISCUSSION

In the present study, metallic Pd-NPs were synthe-
sized by refluxing palladium acetylacetonate, Pd(acac)2,
solution in acetophenone at 202 �C (bp of the solvent).
The solvent in the resulting dispersion of produced Pd-
NPs was then exchanged for ethanol (99.5%) before
proceeding to testing of particles on cells (see Figure 1a).
The size, shape, and crystallinity of the precipitate were
characterized using transmission electron microscopy
(TEM) andpowder X-ray diffraction (XRD). A sample of a
nanocomposite of Pd combined with Al2O3 (Al:Pd =
10:1) was synthesized by the same approach using
aluminum isopropoxide, Al(OiPr)3, as additional pre-
cursor and characterized, to further simulate emitted
Pd particles containing a semblance of the Al2O3

honeycomb structure still attached to the Pd metal.
Themorphologyof theobtainedPd-NPs (see Figure 1b)
is clearly defined as spherical and uniform in shape.
The XRD revealed the sample to be mostly crystalline,
containing the cubic phase of Pd metal (Fm3) along
with an admixture of an amorphous phase of palladium

metal (see Supplementary Figure S1). The size distribu-
tion is based on 80 measured particles, from which
a mean size and standard deviation can be derived:
10.4( 2.7 nm (Figure.1c). SEM-EDS analysis (Figure1d)
confirmed the presence of pure Pd-NPs (for nanocom-
posite material see Supplementary Figure S2). In the
Pd�Al2O3 sample one can easily, due to electron-
density-related contrast, see slightly larger and darker
Pd particles randomly distributed among smaller
(average size about 2�3 nm) and lighter particles of
Al2O3 (Supplementary Figure S3).
Characterization of the particles was performed in

water and the cell culture media used for culturing
A549 and PBEC cells, respectively, using dynamic light
scattering (DLS) and nanoparticle tracking analysis
(NTA, NanoSight) techniques. Both techniques provide
size mode distribution of particles and aggregates in
the measured fluid but do so in slightly different ways.
In DLS the Brownianmotion of particles is measured by
detection of light scattering of individual particles,
being preset to detect scattering from a specific index
of refraction (in this case 4.1 for Pd). The NTA method,
on the other hand, uses laser reflections from indivi-
dual particles and maps their Brownian motion in real
time by CCD camera (the motion is dependent on the
size of the particles, density ofmaterial, and viscosity of
the solvent), producing a statistically reliable direct
observation of size distribution.37 The results for these
experiments can be seen in Figure 2. In water and PBEC
cell culturemedium the particles seem to organize into
aggregates with size mode of approximately 100 nm.
The observed z-potential is close to zero inwater with a

Figure 1. Characterization of solution-engineered palladium nanoparticles (Pd-NPs). (a) Dispersion of Pd-NPs in ethanol,
(b) TEM image of Pd-NPs on a copper grid (inset box width approximately 16 nm, showing single 11 nmwide palladium particle),
(c) size distribution of as-synthesized Pd-NPs determined from TEM images, (d) representative EDS spectrum of Pd-NPs (the L
lines of Pd were mainly observed in the 0.5�8 keV interval).
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broad and unstable in time distribution of particle
charges, as it is usually observed for nanoparticles
prepared in organic media and transferred to water
without surface modification.38 The potentials in PBEC
and A549 culturemedia are negative,�15.3 and�12.8
mV, respectively, reflecting the adsorption of anions
from solution. In A549 cell culture medium the aggre-
gation can be seen in the NanoSight sample (the
observed particles are apparently protein micelles
present in the cell medium used in this case; the
particles smaller than approximately 15 nm are not
visible in this technique because of low reflecting
ability), but interestingly is absent in the DLS sample,
being replaced by individual particles (cf. Figure 1c).
The protein micelles are not displayed in DLS because
their signal is removed, applying the cut-offs relevant
for Pd particles. Stabilization of single particles visible
in DLS results has a plausible explanation in the fact
that the particles interact somehow with, for example,
albumin and are stabilized in solution as individual
particles. This could also explain results from cell uptake
studies using A549 cells (see below). Whether the

particles are stabilized by proteins and, if so, by what
proteins certainly deserves further study and will not
be speculated upon in the present paper.
Vallhov and co-workers determined the importance

of an endotoxin-free environment for the production
of nanoparticles for biological assessment.39 We as-
sessed whether the Pd-NPs were endotoxin-free using
the conventional LAL test, as described in Methods.
The results revealed that the concentration of endo-
toxin found in various Pd-NP batches was below the
critical limit mandated by the U.S. Food and Drug
Administration for acceptance for the chromogenic
LAL assays (Supplementary Figure S4).40 The level of
LPS is thus lower than the amount of LPS required to
stimulate cytokine release in A549 cells or PBEC.41,42

In order to assess the possible toxicity of Pd-NPs,
cellular studies were performed using human primary
bronchial epithelial cells (PBEC) as a model for the
epithelial cells in the upper respiratory tract, which most
commonly come in contact with inhaled particulates.
Also, A549 immortalized alveolar basal human epithelial
cells were used to simulate the lower respiratory tract,

Figure 2. Comparison of particle aggregationmodes in filtered (0.45 μm)ultrapurewater (Milli-Q) and PBEC andA549growth
media as measured by dynamic light scattering (Malvern Z-Sizer DLS) (A, B, and C, respectively) and nanoparticle tracking
analysis (NTA, Nanosight LM10 HSB) (D, E, and F, reapectively).
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where most of the smaller inhalable particles are
usually deposited. Moreover, the use of primary cells
is important when assessing possible health effects of
engineered nanomaterials, as transformed cell lines
and primary cells may react differently, even when the

cells are derived from the same tissue.43 Using vital dye
exclusion as amarker of cytotoxicity, we demonstrated
that Pd-NPs do not affect cell viability of PBEC or A549
cells at doses up to 10 μg/mL of Pd-NP (Supplementary
Table 1). However, Pd-NPs affect cell viability at higher
doses. Of note, PBEC were markedly more affected by
Pd-NPs than A549 cells (Figure 3). Cell death was
further evaluated using propidium iodide (PI) staining
to detect DNA fragmentation, amarker of apoptosis. As
seen in Figure 4a, apoptosis was triggered in a dose-
dependent manner in PBEC cells, but not in A549 cells.
The protein kinase C inhibitor staurosporine (STS) was
used as a positive control in both cell lines. To further
dissect the mechanism of cell death, we tested
whether Pd-NPs activated caspases (cytsteine-depen-
dent, aspartate-specific proteases). We observed that
25 μg/mL Pd-NPs induced caspase-3-like enzyme ac-
tivity in PBEC cells, as evidenced using the DEVD-AMC
assay (Figure 4b). No caspase activation was seen in
A549 cells (data not shown). Moreover, the cleavage of
pro-caspase-3 to active caspase-3 in PBEC cells, but not

Figure 3. Effect of Pd-NPs on viability of human lung
epithelial cells. A549 cells (A) or PBEC (B) were exposed to
25 μg/mL Pd-NPs for 24 h, and the percentage of viable cells
was assessed by Trypan blue exclusion. Data shown are mean
values of three independent experiments (A549) (n = 3) or
of two different human donors (PBEC) (n = 2) ( SEM.

Figure 4. Induction of apoptosis by Pd-NPs in PBEC. Cells were exposed to 10 or 25 μg/mL Pd-NPs for 24 h and thereafter
assessed for characteristic features of apoptosis. Cells treatedwith staurosporine (STS) were included as a positive control for
apoptosis. (A) PI staining of A549 (left graph) and PBEC (right graph) revealed hypodiploid DNA content in cells upon
treatment with Pd-NPs. Data shown aremean values( SEM (n = 3). (B) Real-timemeasurements of AMC release (indicative of
caspase-3-like enzyme activity) in cell lysates fromPBEC. Note the different scale on the y-axis of STS due to very high levels of
enzyme activity. Results are representative of several independent experiments. (C) Processing of pro-caspase-3 (32 kDa) to
active caspase-3 (17 kDa) in PBEC was analyzed by Western blotting using a polyclonal antibody specific for the active
cleavage fragment of caspase-3. STS-treated cells were included as a positive control.
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in A549 cells, was confirmed by immunoblotting of the
active fragment of caspase-3 (Figure 4c).

The cytotoxicity of certain nanoparticles can be ex-
plained by their propensity to induce oxidative stress.44

Figure 5. Effect of Pd-NPs onhuman lung epithelial cells. Pd-NPswere added at the indicated concentrations toA549 (a andb)
and PBEC (c and d), and the release of IL-8 (a and c) or PGE2 (b and d) was determined. Data are presented as median and
interquartile range. Comparisons were made using Wilcoxon signed rank test. A p-value less than 0.05 was considered
significant. *p < 0.05 and **p < 0.01 compared to the control.

Figure 6. Effect of Pd-NPs on TNF-R-induced stimulation of lung epithelial cells. The effect of TNF-R (1 ng/mL) alone or in
combination with Pd-NP (0.01 and 10 μg/mL) in A549 (a and b) and PBEC (c and d) and the release of IL-8 (a and c) or PGE2
(b andd)was determined. As a positive control, TNF-R at a concentration of 10 ng/mLwas used. Data are presented asmedian
and interquartile range. Comparisons were made using Wilcoxon signed rank test. A p-value less than 0.05 was considered
significant. *p < 0.05 and **p < 0.01 compared to the control; #p < 0.05, the combination of Pd-NP and TNF-R compared to TNF-R
alone at the same concentration.
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However, the Pd-NPs utilized in the current study elicited
onlymodest levels of reactive oxygen species production
incells (SupplementaryFigureS5). Kimetal.,27Kajitaetal.,47

and Hikosaka et al.48 have shown that Pt nanoparticles
can functionas antioxidants in that they alleviate induced
oxidative stress in nematodes. They have evenpostulated
that this effect should occur also in humans and recom-
mended Pt-NPs for medical use. Pd has very similar
chemical traits to those of Pt, so it is plausible to suggest
that theymaybe acting in this case in a similar capacity.

For assessment of the secretion of soluble biomar-
kers, we utilized doses up to 10 μg/mL for both cell
types. The chemokine interleukin-8 (IL-8) is an impor-
tant chemoattractant and activator or neutrophil and is
produced by airway epithelial cells, neutrophils, and
macrophages. Increased IL-8 levels have been shown
in a number of inflammatory disorders including COPD
and fibrotic lung diseases. Moreover, IL-8 secretion has
been extensively investigated as an indicator of the
inflammogenic potential of particles.45 Prostaglandin

Figure 7. Internalization studies of Pd-NPs by A549 cells. Micrographs of A549 cells (A). A549 cells exposed to 10 μg/mL of Pd-
NPs for 2 h (B, B00 and C, C0). B0, B00, and C0 are highmagnification views fromB and C, respectively. Scale bars: A: 5 μm; B: 10 μm;
C: 2 μm; B0: 2 μm; B00, C0: 500 nm.
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E2 (PGE2) is a primary product of arachidonic metabo-
lism and is synthesized via the cyclooxygenase (COX)
and prostaglandin synthase pathways. The important
sources of PGE2 in the airways include mast cells, den-
dritic cells, epithelial cells, and airway smooth muscle
cells. PGE2 has a number of biological actions, including
vasodilation and both anti- and proinflammatory action.
As seen in Figure 5, the effect of Pd-NPs on the

secretion of IL-8 by lung epithelial cells is distinctly
nonlinear, with a concentration-dependent decrease

in the lower concentration range and a slight tendency
of increased levels at the highest concentration
(Figure 5a,c). On the other hand, secretion of the lipid
mediator PGE2 exhibits a clear and concentration-
dependent decrease in both cell types (Figure 5b,d).
Notably, these effects are seen at a noncytotoxic con-
centration of Pd-NPs, indicating that these biomarkers
serve as sensitive indicators of the biological effects of
Pd-NPs.We also assessed the effect of Pd-NPs on tumor
necrosis factor-R (TNF-R), a pro-inflammatory cytokine,

Figure 8. Internalization of Pd-NPsby PBEC.Micrographs of PBEC (A, A0) and PEBCexposed to 10μg/mLof Pd-NPs for 2 h (B, B0
and C, C0). B0 and C0 are high magnification views from B and C, respectively. Scale bars: B: 5 μm; A, B0, C: 2 μm; A0: 1 μm;
C0: 500 nm.
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in an attempt to mimic an activated/pro-inflammatory
state in our cell culture system.Our results show that 10
μg/mL Pd-NPs slightly increased the resistivity of the
lung epithelial cells to TNF-R-induced IL-8 production
(Figure 6 a,c) and PGE2 production (Figure 6b,d). This
effect is particularly clear for PGE2. Of interest, in a very
recent study, Boscolo et al.46 reported that Pd salt
inhibits cytokine release in primary human peripheral
blood mononuclear cells, whereas Pd nanoparticles
were found to exert immunomodulatory effects en-
hancing the release of IFN-gamma. The mechanism of
cytokine regulation, however, was not disclosed.
We also assessed the effects of nanocomposites of Pd

andnon-redox-activemetal oxides. The administration of
Al2O3 alone to lung epithelial cells (A549) increased the
release of IL-8 in a concentration-dependent manner.
However, the addition of the Pd�Al2O3 nanocomposite
material resulted in a decrease of IL-8 release (Supple-
mentary Figure S6). This can be interpreted in terms of
the well-known toxicity of Al3þ cations that are readily
released on partial dissolution of the oxide nanoparticles
in the cytosol. On the basis of these results, one may
assume that the layer of sol�gel alumina covering the
cordieritemonolithsmay be a reason for direct concern in
relation to the health effects of exhausts fromcar catalysts.
Further studies are warranted to address this issue.
Next, we studied cellular uptake of Pd-NPs using TEM.

No uptake of particles could be observed within 2 h by
A549 cells (Figure 7), but we observed nanoparticles
immobilized on the cell surface. The uptake of Pd-NPs
by PBEC, however, was more pronounced, and the
majority of particles were found within membrane-
bound vesicles (endosomes) inside the cells after 2 h
(Figure 8a), suggestive of an active uptakemechanism.49

No particles were detected in the nucleus. Differences in
the composition of the cell medium and hence in the
“corona” of proteins and other biomolecules could ac-
count for the differences in uptake that we observed
between PBEC and A549 cells.50 Notably, the A549 cells
were cultured in cell medium containing 10% serum,
while PBECwere cultured in serum-freemediumbutwith
the addition of epidermal growth factor and bovine
pituitary extract. It is important to note that nanoparticles
of metals and even metal oxides may not preserve their
original active surface, as they are rapidly surface-func-
tionalized with a “corona” of adsorbed biomolecules,
which may guide their recognition and internalization
by cells.51,52 The observed differences between the two
cell typesmay also be explained by the different origin of
these cells: PBEC are derived from the upper respiratory

tract, while A549 cells were used to simulate the lower
respiratory tract. In addition, differences in terms of the
propensity to internalize NPs may also be related to
inherent differences between primary cells (PBEC) and
transformed cells (A549) (for comparison, see ref 43).
Other investigators have recently reported that cells from
the respiratory tract actively ingest opsonized nanopar-
ticles after 24hexposure in cell culture.53 The fact that cell
uptake was monitored at 2 h could account for the
apparent differences. Notwithstanding, our results de-
monstrate that PBEC are more prone to internalize Pd-
NPs and are alsomore susceptible to cell death induction
at higher doses of Pd-NPs when compared to A549 cells.
The degree of cellular uptake is an important feature that
may determine the toxic potential of particles and their
biodistribution,54 and further studies are warranted to
investigate uptake mechanisms of Pd nanoparticles in
PBEC.

CONCLUSIONS

We report on solution-engineered Pd and Pd�Al2O3

NPs as a model to assess the toxicity of automotive
particulate pollution, using two different human lung
epithelial cell types. Our studies show that these
particles exert concentration-dependent cytotoxicity
in vitro. Moreover, we provide evidence that Pd-NPs
trigger caspase-dependent apoptosis in PBEC, but not
in the A549 cell line, when cells are incubated at high
doses of these particles. To the best of our knowl-
edge, this is the first demonstration of Pd-NP-in-
duced apoptosis.
Importantly, when administered at noncytotoxic doses,

these particles display pronounced effects on the secre-
tion of biomarkers by lung epithelial cells. It should be
recognized that PGE2 in human asthmatic airways has a
protective anti-inflammatory role.55,56 This means that the
observed decrease in PGE2 might indicate a toxic effect
that potentially enhances airway inflammation. Further-
more, we report uptake of the particles by human epithe-
lial cells. It is noted that the particle concentrations utilized
herein remain relatively high anddonot necessarilymirror
those found in theenvironment. Nevertheless, thepresent
studies provide a paradigm for the assessment of airborne
particulate matter using engineered NPs as model parti-
cles. The introduction of such model particles in toxicolo-
gical research may facilitate the comparison between
studies performed in different laboratories and may also
allow for the dissection of mechanisms of action of air-
borne particulate matter, in particular of PGMs derived
from automobile exhaust emissions.

METHODS

Pd and Pd�Al Nanocomposite Particles. Synthesis. ThePd-NPsused
in this study were synthesized using Bradley's reaction of solvo-
thermal decomposition of Pd(II)-acetylacetonate (Pd[acac]).

A 231 mg amount of 99% Pd(acac) (Aldrich) was deposited in

a 50 mL flask under a nitrogen atmosphere (normal pressure),

afterwhich 20mLof 99% reagent grade acetophenone (Aldrich)

was added to the flask with a syringe through the rubber
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stopper on the flask. The flask was vigorously shaken in order to
dissolve the Pd(acac) and then connected to a water-cooled
reflux column. The flask was heated and the contents were
reflux-boiled for 4 h, causing a Pd-NP precipitate to form. The
resulting particle suspension was transferred to a clean flask,
with an additional 10 mL of acetophenone being added for the
transfer. Solvent exchange was performed by coupling the flask
to a vacuum-line and heating the flask slightly (while contents
under vacuum pressure) and trapping the solvent vapor in a
flask cooled by liquid nitrogen. Approximately 80�90% of the
solvent was removed, and an equivalent amount of 99.5%
analytical grade ethanol (Solveco) was added to the precipitate
for resuspension. In total the solvent exchange was performed
three times, and the final particle suspension solvent consisted
of mainly ethanol. The Pd�Al nanocomposite NPs (10% Pd)
were synthesized in the same manner as the Pd-NPs. In a
nitrogen atmosphere, 186 mg of aluminum isopropoxide
(Al(OiPr)3, Aldrich) was deposited into a 50 mL flask. Then 68
mg of Pd(acac) was deposited into a glass vial together with
10mL of acetophenone. From the glass vial 4.65mL of the liquid
was transferred into the flask containing Al(OiPr)3, and 20 mL of
acetophenone was added (10 mol % Pd). The reaction to
produce the particle suspension under reflux was performed
identically as for Pd-NP synthesis.

Characterization. Particle suspension from Pd, Pd�Al nano-
composite, and Al-NP was dried on carbon tape and analyzed
using SEM energy dispersive spectroscopy (EDS) (Hitachi TM-
1000 EDS) to ensure particle purity (EDS spectra for Pd�Al and
Al-NP can be found in Supplementary Figure 2a and b). For TEM
control of the particles, a drop of ethanol-diluted (1:10) particle
suspension of Pd-NP and Pd�Al nanocomposite were depos-
ited onto copper TEM grids and allowed to dry. The grids were
then inserted into a Philips EM-STEM 400, and images were
collected for the grids. The captured images were then scanned
for Pd-NPs and Pd�Al NPs, and their diameter was measured
using graphics editing software (Adobe Photoshop CS4 and
GIMP2). In total 80 Pd and 560 Pd (Al-nanocomposite) individual
particles were measured. The size distribution, size mean,
and standard deviation of the mean could be determined on
the basis of these measurements. The crystallinity of Pd-NPs
was determined using X-ray powder diffraction. A sample
was prepared by drying particles from solvent in an oven
(approximately 90 �C) and grinding it into a fine powder. The
resulting fine powder was collected in a 0.7 mm diameter glass
capillary, which was then analyzed using a Bruker SMART Apex-II
diffractometer utilizing Mo KR radiation (0.71073 Å). The result-
ing patterns were analyzed using the EVA software package.
The resulting diffraction pattern can be seen in Supplemental
Figure 1S. Pd-NPs in ethanol were also diluted 1:10 in H2O and
A549 and PBEC cell culture media (see the cell culture sections
below) and then filtered through 0.45 μm cellulose filters (pre-
eluted using corresponding eluate). The filtered solutions were
measured in aMalvern Z-Sizer DLS, giving a size distribution and
z-potential surface charge of particles in solution. Also the same
types of solutions were measured using a NanoSight LM10 HSB,
and information pertaining to size mode of particles with
respect to particle number was obtained.

Endotoxin Analysis. Lipopolysaccharide (LPS) concentra-
tions were controlled by the end point chromogenic LAL test
method (Limulus Amebocyte Lysate endochrome, Charles River
Endosafe, Charleston, SC, USA).

Cell Culture. Lung Carcinoma Epithelial Cell Line (A549). The
human lung carcinoma epithelial cell line A549 (American Type
Culture Collection, Rockville, MD, USA) was cultured in 80 cm2

plastic flasks (Nunc, Roskilde, Denmark) at a density of (1�2) �
106 in F-12 medium with 10% heat-inactivated fetal bovine
serum and penicillin/streptomycin. The cultures were kept at 37
�C in a humidified atmosphere of 5% CO2 in air, and medium
was changed every second day. At confluence the cells were
detached by exposure to trypsin/EDTA solution (0.05%/0.02% in
calcium- and magnesium-free phosphate-buffered saline) and
reseeded in 24-well plates (Nunc, Roskilde, Denmark) at a
concentration of (7.5�10) � 103 cells/well or in six-well plates
at a concentration of (25�30)� 104 cells/well and grown to 80%
confluence.

Primary Bronchial Epithelial Cells. The establishment of
the PBEC is described in detail in previous publications.57,58

The cells were cultured in 80 cm2 plastic flasks (Nunc, Roskilde,
Denmark) at a density of (1�2)� 106 in keratinocyte serum-free
medium (Gibco), supplemented with epidermal growth factor
(5 ng/mL; Gibco), bovine pituitary extract (50 μg/mL; Gibco), and
penicillin/streptomycin. The cultures were kept at 37 �C in a
humidified atmosphere of 5% CO2 in air, and medium was
changed every second day. At confluence the cells were
detached by exposure to trypsin/EDTA solution (0.03%/0.01%
in calcium- and magnesium-free phosphate-buffered saline,
PBS) and reseeded in 24-well plates (Nunc, Roskilde, Denmark)
at a concentration of (7.5�10) � 103 cells/well or in six-well
plates at a concentration of (25�30)� 104 cells/well and grown
to 80% confluence.

Particle Exposure. Primary bronchial epithelial cells and
A549 cells were incubated in media alone as control or Pd-NP
at a concentration of 0.01�10 μg/mL for 24 h. Cells were also
stimulated with TNF-R (1 ng/mL; R&D Systems, Europe, Abing-
don, UK) alone or in combination with Pd-NP (0.01 or 10 μg/mL).
As a positive control TNF-R at a concentration of 10 ng/mL was
used. The A549 cells were also incubated with Al2O3 alone or
PdAl2O3 at a concentration of 25�75 μg/mL for 24 h. After
incubation, the supernatants were collected and centrifuged at
1000g for 10 min to remove cell debris and stored at �70 �C
until analysis. Each experiment was performed three to five
times in triplicates, with the exception of the combined ex-
posure of Pd-NP (0.01 μg/mL) and TNF-R (1 ng/mL) and the
Al2O3 experiments, which were performed twice in triplicate.

Cytotoxicity Assays. Vital Dye Exclusion. Cell viability was as-
sessed using Trypan blue (0.4% in saline; Sera-Lab, Sussex, UK)
as described previously.59 Cells were examined by light micro-
scopy, and the percentage of viable and dead cells was
calculated.

Hypodiploid DNA Content. Cells were harvested and resus-
pended in a solution containing propidium iodide (50 μg/mL),
0.1% Triton X-100, and 0.1% sodium citrate in PBS as
described.60 Cells were analyzed on a FACScan (Becton�
Dickinson, San Jose, CA, USA) equipped with a 488 nm argon
laser using the CellQuest software (Becton�Dickinson). Data are
presented as the percentage of cells displaying hypodiploid
(sub-G1) DNA content.

DEVD-AMC Cleavage. Cleavage of the fluorogenic substrate
DEVD-AMC, indicative of caspase-3-like enzyme activity, was
determined as previously described.61 Briefly, cell lysates and
substrate (50 μM) were combined in a standard reaction buffer
(100 mM Hepes, 10% sucrose, 5 mM dithiothreitol, and 0.1%
CHAPS; pH 7.25) and added to a 96-well plate. Enzyme-cata-
lyzed release of AMC was measured at 37 �C with a kinetic cycle
of 26 time points using a TECAN Infinite 200 plate reader (Tecan
Group Ltd., Männedorf, Switzerland) at excitation wavelength
380 nm and emission wavelength 460 nm. Fluorescence units
were converted to picomoles of AMC using a standard curve
generated with free AMC.

Western Blotting. Cells were lysed on ice for 30 min in RIPA
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol, 1% NP-
40, 0.5% deoxycholate) supplemented with protease inhibitors
(Roche Diagnostics, Mannheim, Germany). Supernatant was
retrieved after centrifugation of the cell lysates at 13 000 rpm.
Equal amounts of protein (50 μg) were resolved by electrophor-
esis on a 4�12% SDS�polyacrylamide gel (Invitrogen, Carlsbad,
CA, USA) and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad Laboratories, Hercules, CA, USA). The mem-
branes were incubated with blocking buffer containing 0.1%
Tween-20 and 5% milk and probed with rabbit polyclonal
antiactive caspase-3 antibody (Sigma-Aldrich, St. Louis, MO,
USA). Following incubation with horseradish peroxidase-con-
jugated anti-rabbit secondary antibodies (DAKO, Glostrup,
Denmark), bound antibody was visualized with enhanced che-
miluminescence (Thermo Scientific, Rockford, IL, USA).

DHE Assay. Production of superoxide was assessed by
oxidation of dihydroethidium (DHE) to ethidium. Cells exposed
or not exposed to Pd-NPs were incubated with 5 μM DHE
(Molecular Probes, Eugene, OR, USA) in the relevant tissue
culture medium for 40 min at 37 �C and then harvested,
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resuspended in PBS, and submitted to flow cytometric analysis
using a FACScan flow cytometer (Becton�Dickinson) operating
with CellQuest software.

Assessment of Biomarkers. Interleukin-8 was measured in
supernatants with an ELISA developed in-house.62 Commer-
cially available antibody pairs MAB208 and BAF208 (R&D Sys-
tems, Europe) were used as previously described. The detection
limit was 40�3200 pg/mL. Prostaglandin E2 was measured with
commercially available monoclonal EIA kit, and the detection
limit was 15�1000 pg/mL (Cayman Chemical Company, Ann
Arbor, MI, USA). For duplicate samples an intra-assay coefficient
of variation of <10% was accepted. The IL-8 levels in cell-free
culture media for both cell types alone or in combination with
the Pd-NPs at 0.01 and 10 μg/mL or the solution media that the
particles are dissolved in were all below detection limit. Regard-
ing PGE2 all these combination resulted in low and similar levels
regardless of combination (15�35 pg/mL), which were close to
the detection limit.

Uptake Studies. Both A549 cells and PBEC were incubated
with Pd-NP (10 μg/mL) for 2 h and fixed in 2% glutaraldehyde in
0.1 M sodium cacodylate buffer containing 0.1 M sucrose and
3 mM CaCl2, pH 7.4, for 10 min. Cells were gently scraped to
detach from cell culture plastics, pelleted, and fixed for an
additional 24 h in the fixation solution mentioned above. The
pellets were then rinsed in 0.15 M sodium cacodylate buffer
containing 3 mM CaCl2, pH 7.4. Postfixation of pellets was
carried out in 2%osmium tetroxide in 0.07M sodium cacodylate
buffer containing 1.5 mM CaCl2, pH 7.4, at 4 �C for 2 h,
dehydrated in ethanol followed by acetone, and embedded in
LX-112 (Ladd, Burlington, VT, USA). Sections were contrasted
with uranyl acetate followed by lead citrate and examined in a
Tecnai 12 transmission electronmicroscope (Fei, The Netherlands)
at 80 kV. Digital imageswere taken by a Veleta digital camera (Soft
Imaging System, GmbH, Münster, Germany).
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